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This study developed several novel fabrication techniques for the creation of 
precisely-located polymer micro- and nanostructures that cover large surface areas. 
We examined the technical merits of these methods and explored potential 
applications for these micro- and nanostructures. 
Firstly, this study focused on fabricating polyimide (PI) nanogrooves with the 
mold casting method with silicon nanogrooves as the master. This method enabled us 
to produce large quantities of PI nanogroove samples at relatively low cost within a 
short time. We studied the effect of using both the Si and PI nanogrooves to direct 
neurite growth. We found that on both type of substrates, neurites orientated in 
parallel directions on nanogrooved surfaces, but grew in random directions on flat 
substrates. Our findings agreed well with what was reported in the literature and 
indicated that neuronal cells can sense topological cues at the molecular level. 
During the experiments, transparent PI substrates allowed direct real-time 
observation of cell growth using just a normal microscope, whereas for Si substrate, 
the cells needed to be dyed first and observed under a florescent microscope. As it 
was also easier and more cost effective to fabricate PI substrates, we suggested that 
the future experiments on topological guidance of neurite growth should be done on 




 Secondly, we developed a technique to fabricate nanostructures on 
polyethylene terephthalate (PET) surfaces by using interference lithography (IL) and 
plasma etching. With nanogrooves as an example, we studied the etching effect of 
different plasma power and chamber pressure. By modifying the IL system, we 
fabricated nanogrooves with gradually changing periods. And by improving the 
etching anisotropy, we fabricated PET nanopillars and nanofins. We also 
demonstrated fabrication of PET nanoholes using the same method adding one extra 
step. The PET nanogrooves were again used in the neurite growth experiments and 
obtained similar results as on PI and Si substrates. Since they were also transparent 
and easy to make, such PET substrates provided good alternatives as biological study 
substrates. Furthermore, these PET nanostructured films were also used as flexible 
nanoimprint masters to fabricate nanostructures on curved polystyrene (PS) surfaces. 
By controlling the imprinting condition, we fabricated nanogroove, nanobump and 
nanoring arrays on curved PS surfaces. 
Lastly, we tried to use magnetic means to actuate PDMS micro- and 
nanostructures fabricated via mold casting method. We employed two actuation 
mechanisms, by the magnetic torque that aligns magnetic objects with external field 
directions and by the magnetic force that attracts magnetic objects towards a stronger 
field, and presented two designs accordingly. The theory was well-established and 
thoroughly developed. Ways to integrate magnetic materials were suggested. But due 
to current experimental settings, neither design obtained satisfactory results. The 




In conclusion, the methods developed in this thesis and the findings of this study 
add to the existing knowledge of polymer nanofabrication by demonstrating the 
possibilities of fabricating polymer micro- and nanostructures in easy and cost-
effective ways. The various applications demonstrated here showed great potential of 
polymer-based micro- and nanostructures in diverse areas, and laid the ground work 
for their future development. 
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Chapter 1 Introduction 
1.1 Background  
Nanotechnology was first coined by Feynman in 1959 when he discussed the 
possibility of structuring and sculpting materials at the atomic level in his 
groundbreaking talk “there’s plenty of room at the bottom” [1]. Following that, 
research groups in various fields of nanoscience and nanotechnology have devoted 
great effort in fabricating, studying and the application of nanostructured materials. 
These materials exhibited fascinating properties as compared to their bulk 
counterparts. For example, quantum  dots can exhibit single-electron tunneling [2-5], 
carbon nanotubes can have high electrical conductivity and mechanical strength [6-
8], and thin polymer films can have glass-transition temperatures higher or lower 
than thick films [9-12]. In the past decade, nanostructures have seen many innovative 
applications including field effect transistor [13], field emission display [14], 
nanoscale magnetic and optical data storage devices [15]. With the advancement of 
novel nanofabrication-based technologies, exciting applications in areas  beyond 
information processing and storage such as optics, biomedicine, and materials 
science [16-18] are also expected to become mature in the near future. 
Among all branches of nanotechnology, polymer-based nanostructures has 
especially attracted a lot of attention, due to their unique properties such as flexible, 
transparent to light, bio-compatible, and easy and cheap to process. These 
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nanostructures can have static applications in photonic [19-22], magnetic [23,24] and 
biomedical [25-27] fields. For example, nanobiotechnology, which is a unique fusion 
and a new product of advanced nanotechnology and biotechnology [28], has 
witnessed nanostructured polymer substrates being used as novel platforms for 
biological studies [29,30]. Moreover, once actuated, polymer nanostructures can also 
function in potential areas including microfluidics [31], capture and release systems 
[32] as well as propulsion [33] of miniaturized devices. 
 
1.2 Motivation 
Research on polymer-based nanostructures started to progress tremendously 
only in the past decade or so. While many new discoveries were made and 
innovative techniques were created, there is still a lot more remaining to be explored, 
both in terms of how to make them and how to use them. 
Current nanofabrication techniques can be categorized as “top-down” and 
“bottom-up” approaches [34]. Parellel processes such as nanoimprint [35] and cast 
molding [36] are also commonly used to fabricate polymer nanostructures. These 
processes transfer patterns on to the polymer surface from a master, and the master 
itself was  first fabricated using “top-down” or “bottom-up” methods. The top-down 
approach uses various lithography steps, such as photolithography and maskless 
lithography (eg. electron beam and focused ion beam lithography), to pattern 
nanoscale structures on surfaces. It is able to fabricate precisely located 
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nanostructures on fairly large surface areas, but usually at high capital and operating 
cost. In contrast, the bottom-up approach makes use of interactions between 
molecules or colloidal particles to assemble discrete nanoscale structures in two and 
three dimensions. It enjoys the advantage of cheaper set-up and operating costs and 
the ease of use, but lacks the ability to accurately control the shape and location of 
nanostructures as compared to the top-down techniques. 
On the other hand, many potential applications call for cheap and easy ways to 
fabricate large-area polymer nanostructures with precisely defined dimensions. 
Nanobiotechnology, for example, is one of such areas. Polymer nanostructures have 
a wide range of biomedical applications such as to study the adhesivity and 
behaviour of living cells on nanostructured surfaces [30] and to pattern proteins with 
nanoscale resolution [37]. Scientists in this field often make observations and 
discoveries after numerous experiments, and thus  rely heavily on the ability to make 
large quantity of samples in a cost-effective way and great precision of sample 
parameters. 
 Actuation of polymer nanostructures is another interesting but a very new 
research area. It aims to achieve a number of functions by mimicking the high aspect 
ratio cilia observed on many creatures in nature, such as propulsion [33], cleaning 
[38], and capturing of nanoparticles [39].  The dimensions of most of these actuated 
structures are in the scale of microns [31,40,41] to millimeters [42]. And their 
applications have been very much limited, mostly in microfluidics.  
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Taking the above mentioned facts into consideration, it is therefore necessary 
and imperative to continue the efforts in the research of innovative fabrication 
techniques and explore interesting applications of polymer-based nanostructures.  
 
1.3 Objectives 
This study aims to explore different and new techniques used for the creation of 
precisely-located polymer-based micro- and nanostructures that cover large surface 
areas. These methods also need to be of low manufacturing cost and have high 
throughput to be suitable candidates for their applications as bio-study substrates. 
Additionally, this study also endeavours to explore other possible applications of 
such fabricated nanostructures, such as curved imprinting and actuation. 
This research can be divided into three main areas according to the materials 
used, the fabrication techniques involved and the associated applications. The first 
study focused on polyimide (PI) nanostructures fabricated using mold casting 
method, and looked into the possibility of using them as the substrates to conduct 
neurite growth experiments. The second study proposed a new method of combining 
interference lithography and plasma etching to create polyethylene terephthalate 
(PET) nanostructures. It aimed to understand the etching mechanism involved to 
make better use of the technique to create more varieties of nanostructures. It also 
studied the results of using such fabricated PET nanogrooves as biomedical 
substrates. Lastly, the second study took further advantage of the flexibility of such 
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PET films and explored their applications as a flexible nanoimprint master to create 
nanostructures on curved surface. The last study attempted to actuate 
polydimethylsiloxane (PDMS) micro- and nanostructures fabricated by casting 
method. The structures were designed based on detailed research on the actuation 
mechanism and calculations. Even though the attempts did not work out as expected, 
challenges involved were analyzed for possible improvements. 
 
1.4 Organization of Thesis 
The organization of this thesis is as follows:  
Chapter 2 will cover the theoretical background and literature review on (i) 
current nanofabrication techniques, (ii) applications of polymer nanostructures in 
biomedical fields and (iii) actuation of polymer micro- and nanostructures. 
Chapter 3 will detail in the experimental procedures used to fabricate and 
characterize various polymer micro- and nanostructures in this study. It will first 
introduce the lithography steps. Then experimental steps such as thermal evaporation 
and casting of PDMS will be explained. Lastly, characterization techniques including 
scanning electron microscopy (SEM) and atomic force microscopy (AFM) will be 
highlighted. 
Chapter 4 will report on the results of fabricating PI nanogrooves using mold 
casting method and their application as substrates in the neurite growth study. It will 
Chapter 1: Introduction 
-6- 
 
start with an introduction of the techniques used to fabricate the Si mold which was 
used as the casting master, namely, a combination of laser interference lithography 
(LIL) and catalytic etching. Then detailed fabrication steps of creating the PI 
nanogrooves will be described. Both the Si nanogrooves and the PI nanogrooves 
were used to direct neurite growth. The results will be compared with each other, and 
with existing data in the literature. This chapter will end by highlighting the 
advantages of using PI substrates, as it preserved result consistency while reduced 
the cost and enabled real-time observation using a normal microscope. 
Chapter 5 will present a new method to fabricate nanostructures on PET 
substrates by combining LIL and plasma etching. Firstly, fabrication of PET 
nanogrooves will be introduced. The plasma etch rates will be examined as a 
function of chamber pressure and plasma power, with using O2 and Ar as the etching 
gas respectively. Explanations for the relationship observed will be presented and 
backed up with further designed experiments. After that, ways to fabricate more 
nanostructures such as nanogrooves with gradually changing periods, nanopillars, 
nanofins and nanoholes will be described. This is followed by successful 
applications of PET nanogrooves to direct neurite growth. The last part of this 
chapter will focus on a novel way to create nanostructures on curved polystyrene 
surfaces using various PET nanostructures as the mold. 
Chapter 6 will report on the results of fabricating PDMS nano- and 
microstructures and the efforts made to actuate them via magnetic means. It is 
divided into two parts according to different actuation mechanisms and experimental 
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set-ups. Both parts will begin with theoretical designs and calculations, and continue 
to report on the fabrication of the PDMS micro- and nanostructures as well as the 
ways to integrate magnetic substances into them. The two parts will analyze the 
challenges and difficulties met in the process, and will give an answer as to why 
neither attempt turned out as expected. 
 Finally, Chapter 7 will summarize the accomplishments in this study and 
provide recommendations for future work.  
  




[1] R. P. Feynman, “There's Plenty of Room at the Bottom”, 
http://www.its.caltech.edu/~feynman/plenty.html, (1959). 
[2] L. E. Brus, J. Chem. Phys., 80, 4403 (1984). 
[3] D. L. Feldheim and C. D. Keating, Chem. Soc. Rev., 27, 1 (1998). 
[4] M. A. Kastner, Phys. Today, 46, 24 (1993). 
[5] D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos and P. L. McEuen, 
Nature, 389, 699 (1997). 
[6] L. C. Venema, J. W. G. Wildoer, J. W. Janssen, S. J. Tans, H. L. J. T. 
Tuinstra, L. P. Kouwenhoven and C. Dekker, Science, 283, 52 (1999). 
[7] P. Avouris, Acc. Chem. Res., 35, 1026 (2002). 
[8] C. Zhou, J. Kong, E. Yenilmez and H. Dai, Science, 290, 1552 (2000). 
[9] J. A. Torres, P. F. Nealey and J. J. Pablo, Phys. Rev. Lett., 85, 3221 (2000). 
[10] O. K. C.Tsui and H. F. Zhang, Macromolecules, 34, 9139 (2001). 
[11] D. S. Fryer, R. D. Peters, E. J. Kim, J. E. Tomaszewski, J. J. Pablo, P. F. 
Nealey, C. C. White and W. L. Wu, Macromolecules, 34, 5627 (2001). 
[12] L. Singh, P. J. Ludovice and C. L. Henderson, Thin Solid Films, 449, 231 
(2004). 
[13] H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. P. Chen and M. Meyyappan, 
Nano Lett., 4, 1247 (2004). 
[14] X. T. Zhou, H. L. Lai, H. Y. Peng, F. C. K. Au, L. S. Liao, N. Wang, I. 
Bello, C. S. Lee and S. T. Lee, Chemical Physics Letters, 318, 58 (2000).  
[15] C. Ross, Annu. Rev. Mater. Sci., 31, 203 (2001).  
Chapter 1: Introduction 
-9- 
 
[16] US-NNI US National Nanotechnology Initiative (http://www.nano.gov/). 
[17] G. M. Whitesides, Nat. Biotech., 21, 1161 (2003). 
[18] S. A.Maier, M. L. Brongersma, P. G. Kik, S. Meltzer, A. A. G. Requicha 
and H. A. Atwater, Adv. Mater., 13, 1501 (2001). 
[19] M. S. Kim, J. S. Kim, J. Cho, M. Shtein, L. J. Guo and J. Kim, Appl. Phys. 
Lett., 90, 123113 (2007). 
[20] G. Ye and X. Wang, Sensors and Actuators B, 147, 707 (2010). 
[21] S. Shibata, O. Sugihara, T. Kaino and N. Okamoto, Proc. SPIE, 5351, 127 
(2004). 
[22] P. Hoffmann, I. Utke, A. Perentes, T. Bret, C. Santschi and V. 
Apostolopoulos, Proc. SPIE, 5925, 5902506-1 (2005). 
[23] W. Wu, B. Cui, X. Sun, W. Zhang, L. Zhuang, L. Kong and S. Y. Chou, J. 
Vac. Sci. Technol. B, 16, 3825 (1998). 
[24] J. I. Martin, J. Nogues, K. Liu, J. L. Vincent and I. K. Schuller, J. Magn. 
Magn. Mater., 256, 449 (2003). 
[25] D. Falconnet, D. Pasqui, S. Park, R. Eckert, H. Schift, J. Gobrecht, R. 
Barbucci and M. A. Textor, Nano Lett., 4, 1909 (2004). 
[26] J. D. Hoff, L. J. Cheng, E. Meyhofer, L. J. Guo and A. J. Hunt, Nano Lett., 
4, 853 (2004). 
[27] A. Y. Yi, W. Lu, D. F. Farson and L. J. Lee, Adv. Polymer Tech., 27, 188 
(2008). 
[28] M. Fakruddin, Z. Hossain and H. Afroz, Journal of Nanobiotechnology, 10, 
31 (2012). 
Chapter 1: Introduction 
-10- 
 
[29] S. Nomura, H. Kojima, Y. Ohyabu, K. Kuwabara, A. Miyauchi and T. 
Uemura, J. Artif. Organs, 9, 90 (2006). 
[30] F. Johansson, P. Carlberg, N. Danielsen, L. Montelius and M. Kanje, 
Biomaterials, 27, 1251 (2006). 
[31] J. Toonder, F. Bos, D. Broer, L. Filippini, M. Gillies, J. Goede, T. Mol, M. 
Reijme, W. Talen, H. Wilderbeek, V. Khatavkar and P. Anderson, Lab 
Chip, 8, 533 (2008). 
[32] B. Pokroy, S. H. Kang, L. Mahadevan and J. Aizenberg, Science, 323, 237 
(2009). 
[33] R. M. Macnab, Journal of Bacteriology, 181, 7149 (1999). 
[34] B. D. Gates, Q. Xu, M. Stewart, D. Ryan, C. G. Willson and G. M. 
Whitesides, Chem. Rev., 105, 1171 (2005). 
[35] W. Lee, M. Jin, W. Yoo and J. Lee, Langmuir, 20, 7665 (2004). 
[36] Y. Xia and G. M. Whitesides, Annu. Rev. Mater. Sci., 28, 153 (1998). 
[37] D. Falconnet, D. Pasquil, S. Park, R. Eckert, H. Schift, J. Gobrecht, R. 
Barbucci and M. Textor, Nano Letters, 4, 1909 (2004). 
[38] P. Satir, Annu. Rev. Physiol., 52, 137 (1990). 
[39] M. Ghyoot, C. D. Ritter, M. Jangoux, Zoomorphology, 106, 279 (1987). 
[40] N. J. Sniadecki, C. M. Lamb, Y. Liu, C. S. Chen and D. H. Reich, Review 
of Scientific Instruments, 79, 044302 (2008). 
[41] F. Fahrni, M. W. J. Prins and L. J. IJzendoorn, Lab Chip, 9, 3413 (2009). 
[42] K. F. Bohringer, B. R. Donald, N. C. MacDonald, G. T. Kovacs and J. W. 
Suh, IEEE Computational Science and Engineering, 4, 17 (1997). 
Chapter 2: Literature Review 
-11- 
 
Chapter 2 Literature Review 
2.1 Introduction 
Polymer-based nanostructures have attracted a lot of attention recently for their 
unique properties such as flexibility, transparency to light, bio-compatibility and simple 
and cheap processing steps. They have seen wide applications in many different areas, 
including optical waveguide devices [1], microfluidic systems [2], biomedical studies 
[3], capture and release systems [4] and magnetic data storage devices [5]. This chapter 
will review three topics pertaining to polymer-based nanostructures. It will first go over 
nanofabrication techniques with a focus on polymer nanofabrication processes. After 
that, the applications of such polymer nanostructures in biomedical fields and as 
actuators will each be examined in detail. 
 
2.2 Nanofabrication Techniques 
 Nanofabrication involves processes and methods of constructing engineered 
nanostructures and devices with features in the nanometer scale range. The fabrication 
methods are generally divided into two major categories: “top-down” and “bottom-up” 
according to the processes needed to create the structures [6]. Top-down methods 
usually combines different lithography methods with dry or wet etching techniques, 
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such as combining interference lithography (IL) with deep reactive ion etching (DRIE) 
[7], e-beam lithography (EBL) with reactive ion etching (RIE) [8], block copolymer 
lithography with RIE [9,10], nanosphere lithography with DRIE [11] or RIE [12], 
nanoparticle dispersion masking with plasma etching [13], nanoimprint lithography 
(NIL) with DRIE [14], and IL with wet chemical etching [15,16]. On the other hand, 
bottom-up nanofabrication approach depends on the self-assembly of atoms or 
molecules [6], for example, the vapor-liquid-solid (VLS) growth [17] of Si nanowires 
[18-21]. 
The methods to fabricate polymer-based nanostructures published in literature, 
however, seem to be less diverse. Most of the above-mentioned methods have 
significant drawbacks in extending to polymer materials, such as complexity in 
fabrication steps [9-13], high cost [7,8,18-21], requirement for specific chemicals [9-13] 
and high process temperatures [18-21]. Some top-down approaches are still applicable 
in creating polymer nanostructures, for example, Geim et al [22] made use of EBL and 
RIE to fabricate nanopillars directly from a polyimide substrate. Chen et al [23] has also 
reported a creative method of depositing a self-formed nanomask on the polymer 
surface, and then used RIE to create nanopillars. Figure 2.1 [23] schematically shows 
their processes and the polymer nanopillars obtained using this method. The formation 
of nanopillars was suggested by the masking effect of nanoparticles released from a 
source material (the cover glass) and dispersed onto the adjacent polymer surface during 
the RIE process. The nanoparticles serve as nanomasks and provide sufficient RIE 
etching contrast to form the high aspect ratio nanopillars. [23] Chen’s method has 
avoided the use of expensive and time-consuming step of EBL, but they lost the ability 
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to control exact feature dimensions and locations. On the other hand, both Geim and 
Chen’s approaches relied on RIE to transfer the patterns to the polymer substrates, so 
the nanostructures showed high aspect ratio owing to the anisotropic etching of RIE. 
But one should note that RIE is also not a very cost-effective process. 
 
Figure 2.1 Fabrication process for self-masked nanopillars. (a)–(d) Schematic diagram 
of the fabrication steps. (a) Parylene is partially shielded with cover glass in RIE 
etching, and then (b) the sample is positioned for RIE etching. (c) During the RIE 
process, nanomasks are scattered onto the entire surface, including the cover glass 
(dummy material). Following RIE etching, (d) nanopillars form after a designated time 
period given appropriate conditions. (e) is an SEM image of the high-aspect-ratio 
nanopillars generated by the self-masking process. Inset in (e) shows enlarged SEM 
photo of the nanopillars with scale bar 1 µm. [23] 
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There have also been reports where nanostructures are etched on polymer surface 
using plasma etching alone, with no etching mask applied [24-29]. Figure 2.2 shows the 
effect of etching duration [24] and plasma power [26] of O2 plasma on fabricating PET 
nanostructures, respectively. Figure 2.3 shows PDMS nanowires fabricated after a 6 
min SF6 plasma treatment in an inductively coupled plasma (ICP) reactor [28]. While 
plasma roughing is expected on polymer surfaces, the mechanisms responsible for 
fabricating such high aspect ratio nanostructures are still not well understood. One 
intriguing aspect about plasma etching of polymers is that though it is not new in 
creating polymer nanostructures, it is somehow much less common to be paired with 
various lithography methods to create ordered structures on polymer surfaces, as 
compared to the Si counterparts. 
Lastly, laser ablation which removes material from the polymer surface by 
irradiating it with a laser beam is also another popular top-down method in polymer 
nanofabrication. This method is quite gentle and precise in the sense that with very 
short laser pulse, the materials can be removed so quickly that the surrounding material 
absorbs very little heat, resulting in smooth nanofeatures. A simple interferometric 
apparatus is often employed when using this technique and the nanostructures are 
defined by the laser interference pattern [1,30]. This process differs from laser 
interference lithography [31] in that no photoresist is involved. All laser energy is 
concentrated to remove the polymer material instead of exposing photoresist. Therefore, 
this technique integrates pattern defining and transferring to the substrate in one step. 
The downside is that it may consume more time and more energy to inscribe the pattern 
rather than just “record” it in the photoresist.  







Figure 2.2 SEM images of PET nanostructures etched in O2 plasma (a) for different 
duration of time with power fixed at 100W [24], and (b) at different plasma power for 
10 min [26]. 




Figure 2.3 PDMS nanowires fabricated after a 6 min SF6 plasma treatment in an 
inductively coupled plasma (ICP) reactor [28].  
 
Besides the above-mentioned top-down approaches, large-area polymer 
nanostructures are often achieved using nanomolding methods, such as NIL [3,32-35], 
cast molding [36,37] and capillary lithography [38,39]. Figure 2.4 shows the steps of 
these methods. NIL process makes use of a hard mold that contains nanoscale surface-
relief features and presses it into polymeric materials on a substrate under controlled 
temperature and pressure. The thickness contrast created in the polymeric materials can 
then be transferred through the resist layer via an O2 plasma-based anisotropic etching 
step [40,41]. Cast molding refers to the process where a pre-polymer of the elastomer is 
poured over a master with relief structure on its surface, and then cured and peeled off 
[36]. Capillary lithography involves direct placement of a patterned elastomeric mold 
onto a spin-coated polymer film on a substrate, followed either by formation of a 
negative replica of the mold by raising the temperature above the polymer’s glass-
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transition temperature after solvent evaporation (temperature-induced capillarity, Figure 
2.4 (c)) [42], or by direct molding prior to solvent evaporation (solvent-induced 
capillarity, Figure 2.4 (d)) [43]. In all the three methods, the masters are often obtained 
from prevailing nanofabrication techniques [36]. Nanoporous anodic aluminum oxide 
(AAO) templates [32,44] are also frequently used for the synthesis of non-ordered 
nanopillars as it is cheap and easy to process. In terms of resolution, these methods are 
capable of producing features down to the nanometre range. The surface coverage of 
nanostructures produced using these methods are excellent. In cases when patterns are 
fixed, these simple methods can be very cost-effective and have high throughput as one 
mold can produce many replicas using easily available facilities. The downside for NIL 
and capillary lithography is that the high temperature and high pressure associated with 
the processes may cause defects in delicate devices. And cast molding process is often 
not suitable to produce high-aspect-ratio nanostructures. 
  




Figure 2.4 Schematic illustrations of (a) NIL [45], (b) cast molding, (c) temperature-
induced capillary lithography [42] and (d) solvent-induced capillary lithography 
processes [43]. 
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Recently, a simple in situ stretching method was developed based on NIL [3] and 
capillary lithography [38], as shown schematically in Figure 2.5. Adhesion forces 
between the pillar tops and the mold result in an axial tension during vertical 
withdrawal of the mold from the polymer. At temperature when the polymer is still soft, 
this tension is used to elongate the pillar. In this way, these methods gained slight 







Figure 2.5 (a) Conventional demolding; (b) elongation of nanopillars during demolding; 
and (c) elongated nanopillars with high aspect ratio. [3] 
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There are also a few reports [46,47] on using bottom-up methods to produce 
polymer nanostructures. A schematic of the processes involved is shown in Figure 2.6 
[46]. In these reports, the liquid phase polymer was spin-coated on a flat Si piece which 
was connected to a voltage source. Another Si piece (flat or patterned) was used as the 
other electrode and placed on top of it leaving little gap in between. The large electric 
field would then induce patterns on the polymer as the current was caused by an ion 
conduction mechanism mediated by small impurity molecules in the polymer matrix 
[48]. A patterned Si top electrode can fabricate polymer nanostructures following its 
pattern, due to significant difference in local electrical field at different locations.  
 
Figure 2.6 Schematic plot of growing polymer nanostructures using a bottom-up 
method. (a) The electrostatic pressure acting at the polymer (grey)-air interface causes 
aninstability in the film (left). Eventually, polymer columns span the gap between the 
two electrodes (right). b, If the top electrode is replaced by a topographically structured 
electrode, the instability occurs first at the locations where the distance between the 
electrodes is smallest (left). This leads to replication of the electrode pattern (right). [46] 
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2.3 Application of Nanostructures in Biological Fields 
Recently, great advancement in nanotechnology and biotechnology has given rise 
to an exciting research field --- nanobiotechnology. As a unique fusion of the two, 
nanobiotechnology has attracted increasing interest from researchers. By integrating 
cutting-edge applications of nanotechnology into contemporary biological issues, this 
methodology makes it possible to build tiny tools to study or modulate diverse 
properties of a biological system on molecular basis [49]. The past decade has seen 
many biological applications of nanostructures fabricated using the methods described 
in section 2.2. For example, Kuwabara et al [50] reported application of nanoimprinted 
Poly(methyl methacrylate) (PMMA) nanopillars to immunoassay chips, and 
demonstrated increased density of coated protein due to increased surface area. Nomura 
et al [51] used nanoimprinted PS nanopillar film as a new type of cell culture dish. Cells 
divided and proliferated in a different way as compared to those on conventional petri 
dishes, because they can only attach and adhere to the top area of the nanopillars. The 
different morphology, adhesion property and structures exhibited by the cells and 
unusual distribution of certain proteins in the cells all indicated the PS nanopillar film a 
novel type of cell culture dish. Ren et al [52] modified surface wettability by treating 
PDMS microlen arrays in CF4 and CF4/O2 plasma, and fabricated super-hydrophobic 
and hydrophilic surfaces respectively. They found that DNA molecules can be readily 
enriched on the hydrophilic surface, with the most hydrophilic surface having the best 
performance. Moreover, nanoimprinted polymer nanostructures have also been used to 
pattern proteins in the nanoscale range [34,35]. Sniadecki et al [53] have also proposed 
a way of stimulating cells by magnetically actuating PDMS microposts, offering a 
Chapter 2: Literature Review 
-22- 
 
platform to reach a more complete understanding of how forces outside and inside a cell 
affect its mechanotransduction response. 
 Among various interesting research topics in nanobiotechnology, a particular issue 
has been keenly debated in recent years. Many groups have observed topological 
guidance of neurite extension [54,55] or cell elongation [33] on nanogrooved surfaces, 
and proposed that cells can sense the topological cues at the molecular level. In order to 
understand this topological effect better, all of these groups have come up with ways to 
fabricate nanogrooves of different groove width, period and depth [33,54,55]. They 
showed that the dimensions indeed pose an influence on the growth mechanism. For 
example, Figure 2.7 [33] presents the trend found with elongation of smooth muscle 
cells. Besides the obvious result that the alignment percentage increases with reduced 
groove pitch and increased depth, we can also see that alignment with the underlying 
grooves has a greater chance to happen when the groove period is smaller than 2 μm 
and depth of 100s of nm. 
  




Figure 2.7 (a) Alignment of smooth muscle cells as a function of grating width for 300 
nm deep gratings, and (b) effects of the grating height for 2 μm wide polystyrene 
gratings on the alignment of smooth muscle cells. [33] 
 
Different conclusions were made on the neurite guidance experiments with 
different cell types. In general, these groups fabricated nanogrooves with dimensions in 
the range of 100s of nanometers to a few microns as this was where the most interesting 
discoveries were made. They have all used e-beam lithographic techniques in the 
substrate preparation process. Rajnicek et al. [54] used EBL to write groove patterns 
directly on fused quartz as the substrates for their study; while Hu et al. [33] and 
Johansson et al. [55] employed polymer substrates made by nanoimprint, and the Si 
masters they used in nanoimprinting were fabricated using the EBL and plasma etching 
method. Due to the high cost and slow process associated with EBL, and the fact that 
these studies require constant change of pattern designs, they could only be conducted 
on limited patterned areas. For example, the maximum patterned area in Johansson’s 
study [55] was only 200 μm by 200 μm, as shown in Figure 2.8. 




Figure 2.8 SEM image of guided axons on a nanoimprinted PMMA surface. The 
PMMA nanogrooves have a width of 800 nm, and period of 1 μm. [55] 
 
Besides nanogrooves, Hu et al also reported results [3] about inhibited cell 
spreading on nanopillar surfaces, and pointed out the effect of nanopillars’ dimensions. 
They used an AAO mask to fabricate the Si nanoimprint master. Although the cost was 
reduced, the control over feature size was compromised. With the mechanisms as how 
cells recognize nanostructures still being keenly debated [56,57], it is imperative to 
come up with an easy and cost-effective method to produce nanostructures on a large-
area substrate such that scientists can fully explore critical cellular events such as gene 
expression [58], embryonic development [59] and cell locomotion [60], and realize 
exciting potential applications such as scaffolding for tissue engineering, designer 
bandages for wound dressing and antifouling surfaces for implants. 
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2.4 Actuation of Micro- and Nanostructures 
High aspect ratio cilia have been observed on many creatures in nature. Their 
responsive and reversible movements were the key to achieve a number of biological 
functionalities. For example, micro-organism use flagella for propulsion [61]; the cilia 
in human respiratory tract work in unison to produce a wave-like movement and sweep 
mucus from the lining of the lungs [62]; and echinoderms use pedicellariae for body 
cleaning and food capture [63]. These mechanisms have caught the attention of 
researchers over the years, and unremitting efforts have been made to fabricate 
biomimetic cilia based on various actuation methodologies. 
 Aizenberg’s group has reported actuation of high-aspect-ratio Si nanopillars [64], 
epoxy microposts [65,66] and epoxy microfins [65]. All of these were embedded in a 
hydrogel film, which shrinks or contracts as a response to the pH [65] or humidity 
[64,66] of the environment, and works as the “muscle” of the Si and epoxy structures. 
With this configuration, these structures can switch between “bent” and “straight” state 
reversibly. Although their work is very inspirational, the stimulus of using either pH or 
humidity may pose limitations on possible applications in microfluidics. 
Aizenberg’s group also demonstrated actuation of their epoxy nanopillars with 
electrostatic forces [37]. In this setup, these nanoposts were the “active” element that 
responded to the stimulus directly. The actuation process was done and characterized 
using a scanning electron microscopy, as shown in Figure 2.9 [37]. The pillars bend 
towards the electron beam when it is focused on a small area, and return to their normal 
orientation once the e-beam is not concentrated on a small scanning area.  
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Figure 2.9 SEM images of the e-beam-actuated epoxy nanopillars. (a) Area of pillars 
that have been forced to bend into the center of the e-beam scanning area. (b) 
Illustration of the reversible character of the actuation process. From left to right: time 
zero, just as the e-beam was applied; bent posts, after the e-beam was focused on the 
outlined area for 29.5 s, contrasted with their original condition in the frozen 
background; extensive post-relaxation, after the e-beam was allowed to scan a larger 
area again. (c) Illustration of the actuation of the pillars that were initially in a tilted 
position. From left to right: time zero, just the e-beam was applied; after 1.2 s of 
exposure; after 2.4 s of exposure; and after 5.3 s of exposure. The scale bar in all 
pictures are 1 µm. [37] 
 
Electrostatic force actuation was used in one of the first examples which showed 
that artificial cilia could generate substantial fluid flow and mixing [67]. The basic 
structure of these cilia is shown in Figure 2.10 [67]. The cilium is a curled micro-beam 
consisting of a 1 µm thick PI film, with a length of 100 µm and width 20 µm. The 
bottom of the PI film is coated with a 20 nm thick Cr layer as one of the electrodes. The 
artificial cilia were electrostatically actuated by applying a voltage difference between 
the indium tin oxide (ITO) electrode and the Cr layer. Repeatedly switching the voltage 
on and off at frequencies up to 200 Hz results in a cilia-like oscillatory motion. It is 
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shown that these cilia are effective in micro fluid mixing and can generate local mean 
fluid velocities over 500 µm/s [67].  
Figure 2.10 Electrostatically-actuated artificial cilia. (a) Schematic structure of the 
cross-section of the artificial cilia; and (b) SEM image of the actual cilia made. [67] 
 
Suh et al. integrated thermal actuation and electrostatic actuation in one system, 
and developed the PI bimorph biomimetic cilia micro-actuator [68-72]. It consists of 
two layers of polyimide with different coefficients of thermal expansion (CTE) and an 
underlying sacrificial aluminum release layer. Aluminum plates, interconnects and 
resistive heaters are embedded in between the two layers of polyimide for electrostatic 
and thermal actuation, respectively. An SEM view of a single “motion pixel” consisting 
of four cilium micro-actuator is shown in Figure 2.11 (a) [69]. Half of the upper 
polyimide and silicon nitride encapsulation/stiffening layer is cut away along the 
cilium’s axis of symmetry to show details in Figure 2.11 (b) [69]. Since the polyimides 
were cured at high temperature and the upper polyimide layer has the larger CTE, the 
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actuators assume an upward, out-of-plane curvature right after fabrication [68]. The 
system was actuated electrostatically by applying a potential to the wing electrodes, and 
actuated thermally by running a current through the TiW resistors. A common ground 
bus provided a current return path for the thermal elements, and a substrate contact 
provided an opposing plate for the electrostatic elements [68]. 
Figure 2.11 (a) SEM image of four actuators in a common-center configuration making 
up a motion pixel. Each cilium is 430 mm long and bends up to 120 mm out of the 
plane. (b) Thermal and electrostatic microactuator. Half of the upper polyimide and 
silicon nitride encapsulation/stiffening layer is cut away along the cilium’s axis of 
symmetry to show details. [69] 
 
However, there are limitations associated with the electrostatic and thermal 
actuation methods of artificial cilia.  For electrostatic actuation, the relatively high 
electric field extends into the fluid domain, and therefore electrohydrodynamic effects 
may occur, potentially leading to electrolysis. Also, the principle does not work in 
conductive fluids such as biological fluids (the experiments in [67] were performed with 
silicone oil), and the electrical field may damage biological components such as cells 
[2]. For thermal actuation, the time needed for temperature to go up and down may be 
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too long for the system to be effective and efficient. Therefore, a number of groups have 
developed magnetically actuated artificial cilia that do not have these drawbacks. 
Evans et al. fabricated high-aspect-ratio PDMS nanorods (Figure 2.12 (a)) that 
have the same dimension and similar physical properties as typical natural cilia [73]. 
These nanorods were produced by pouring PDMS prepolymer containing 
superparamagnetic iron oxide nanoparticles into polycarbonate track-etched (PCTE) 
membrane which served as a mold. After curing of PDMS, chemically dissolving away 
the mold and critical-point drying, hundreds of such nanorods were left standing on a 
substrate [73]. Their diameters ranged from 200 nm to 1 µm, and have aspect ratios as 
high as 125 [73]. They were subject to a large field gradient (~500 T/m) produced by a 
magnet with a soft iron cone on top of it to concentrate the magnetic field, as shown in 
Figure 2.12 (b). As the superparamagnetic nanoparticles were attracted to a larger 
magnetic field (more details will be discussed in Chapter 6), the nanorods bent 
downwards and followed the magnet placed only 200 µm underneath the substrate 
(Figure 2.12 (b) and (c)) [73]. But due to the non-uniform loading of nanoparticles and 
non-uniform adhesion between each rod and the substrate, the deflection distance varied 
significantly from rod to rod even when they were in the exact same magnetic field. 
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Figure 2.12 (a) SEM image of magnetically actuated nanorod array. (b) Experimental 
setup used to magnetically actuate rod arrays with simultaneous optical imaging. (c) 
Linear and rotational actuation strokes of a single 500 nm rod with aspect ratio of 50. 
[73] 
 
Magnetic torque that is experienced by a ferromagnetic material in a uniform field 
(more details will be discussed in Chapter 6) was also made use of to design actuators. 
Reich’s group fabricated PDMS microposts with embedded cobalt nanowires, and 
actuated the nanoposts with uniform magnetic field perpendicular to the axis of the 
posts [53]. The fabrication process is shown in Figure 2.13 (a). SU8 micropost arrays 
were first fabricated using optical lithography and were used as the master. PDMS was 
cast onto the master to fabricate a negative mold. Then a magnet was used to get cobalt 
nanowires settled vertically at the bottom of the PDMS holes. After that, PDMS was 
poured on the mold again, and nanowires were successfully embedded near the top of 
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the PDMS microposts. [53] The diameter, height and periods of these microposts were 
3 μm, 10 μm and 9 μm, respectively. Based on this, the group developed a new 
biological tool that could stimulate the adherent surface of single cells and 
simultaneously measure their traction forces in a spatiotemporal fashion, as shown in 
Figure 2.14 (b) and (c) [53]. 
Figure 2.13 Schematic illustrations of (a) the fabrication of PDMS micropost array with 
cobalt nanowires embedded in them, (b) the setup for live cell measurements, and (c) 
mechanical stimulation of biological cells. The magnets are mounted on a sliding rail to 
turn on and off the uniform horizontal magnetic field easily. The images in (c) shows (i) 
when the cells are plated onto the micropost arrays, (ii) traction forces from the cell 
impart deflection δ to the micropost, which is an indicator of the local traction force, 
and (iii) application of a uniform magnetic field B inducing a magnetic torque on the 
nanowire and causing an external force Fmag on the cell. Force stimulation causes a 
change in deflection δ’ which can be readily detected. [53] 
 
Fahrni et al explored the same mechanism, but fabricated PDMS micro-flaps with 
ferromagnetic nanoparticles embedded in them through a series of lithography and lift-
off process [74]. They also designed an electromagnet configuration that could produce 
a rotational field in the center region, and placed the micro-flap (100 μm x 300 μm x 15 
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μm) there to be actuated, as shown in Figure 2.14 [74]. When the field turns on and 
changes its direction in a rotational fashion, the magnetization in the flap which is along 
its long axis due to shape restriction will try to follow the external field, and actuation is 
thereby achieved and used for micro-fluidic manipulation [74].  
 
Figure 2.14 Experimental setup of actuating a ferromagnetic microflap in a rotational 
magnetic field. The top section shows the cross sectional view of a quadrupole with soft 
iron core (grey) and 4 coils (black) that create a rotating magnetic field in the center 
region where the microflap was placed. A core is connecting the left coils to the right 
coils in the plane behind the drawing in order to increase the flux guiding. It is not 
shown in the drawing for clarity. [74] 
 
2.5 Summary 
This chapter reviews various methods used in micro- and nanofabrication of 
polymer based nanostructures. The advantages and disadvantages of the fabrication 
methods have been discussed. We also described the various exciting applications in 
biological field of these nanostructures and discussed current efforts made in actuating 
them via chemical, electrostatic, thermal and magnetic means for different purposes. 
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Chapter 3 Experimental Details 
3.1 Introduction  
This chapter describes the experimental procedures used to fabricate and 
characterize various polymer micro- and nanostructures in this study. The 
lithography steps will be highlighted first, including spincoating of resist, laser 
interference lithography (LIL) for defining nanoscale features and optical 
lithography for micro-size features. Then experimental steps such as thermal 
evaporation and casting of PDMS will be explained in details. Finally, 
characterization techniques, namely the scanning electron microscopy (SEM) and 
atomic force microscopy (AFM), will be discussed. 
 
3.2 Spincoating 
Spincoating makes use of a spin coater to form a thin film of a coated material 
on the substrate. It is used to coat anti-reflection layer and photoresists, such as 
XHRiC-16 (Brewer science USA, anti-reflection layer), ultra-i-123 (positive 
photoresist) and SU8-2050 (negative photoresist, referred to as SU8 hereafter) used 
in this study. Omnicoat (MicroChem USA), the protection layer usually used in 
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between XHRiC-16 and SU8 to prevent the two from mixing was also applied via 
spin coating. 
Prior to spincoating, a few droplets of a certain type of liquid material (ultra-i-
123, XHRiC-16 and Omnicoat) or some viscous SU8 was applied on to the surface 
of the substrate (Si/ PET). In cases when large substrates were used, SU8 was often 
spread uniformly over the surface with a spoon first before we started the spincoating 
process to ensure uniformity. 
Due to different designs and purposes, photoresist layers of different thicknesses 
were required. The final film thickness depends on both the spin speed and the 
adhesion between substrate and the applied photoresist, with higher speed resulting 
in a thinner film. For a low speed, longer time was usually used to ensure uniformity. 
After spincoating, the samples were soft baked for some time to drive off excess 
solvent within the coated material and also to improve adhesion between the material 
and the substrate. 
Table 3.1 summarizes the optimized spincoating parameters (e.g.  the spin speed, 
spin time, soft bake temperature and soft bake time)  for all the four types of 
materials used in this work for different film thicknesses. Note that for SU8, prebake 
at 65 oC was needed before soft bake at 95 oC to avoid non-uniform drastic 
temperature change in thick film. The thickness data for ultra-i-123 was based on 
PET substrate while SU8 and XHRiC-16 are both based on Si substrates. The 
thickness of Omnicoat layer is not shown in the table as it was not critical in this 
study.  
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Table 3.1 Spincoating Parameters for Various Materials 











0.30 6000 60 110 1.5 
0.65 800 150 110 1.5 
SU8 on Si 
50 3000 60 65 3 95 6 
70 1750 60 65 3 95 9 
XHRiC-16 0.18 3500 30 230 1.3 
Omnicoat - 3000 30 200 1 
 
After spincoating process, a step profile was used to measure the thickness of 
the coated photoresist. This was done by removing a portion of the photoresist and 
creating a step on the film. Figure 3.1 shows a schematic illustration of how it is 
done. 
 




Figure 3.1 Schematics of measuring film thickness using a step profiler. 
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3.3 Lloyd’s Mirror Interference Lithography 
The IL system used in this work was the Lloyd’s-mirror-type with a HeCd laser 
source (λ = 325 nm), as shown schematically in Figure 3.2 (a). It comprised of a 
laser source, a spatial filter and a sample stage. Additionally, a power meter was used 
to make sure that the whole system was well aligned and stable, i.e, the light passing 
through the spatial filter reached a maximum power by adjusting the pinhole and lens, 
and this maximum power was a constant throughout the process. Thus, a fixed 
exposure time could be applied on a batch of samples. 
The laser beam first passes the spatial filter to have noise removed from the 
beam, resulting in a clean Guassian intensity profile. After that, it is expanded over a 
length of approximately 1 meter, with which, the intensity decreases while the 
diameters of the beam and the phase front both increase. Lower intensity means 
longer exposure time is needed. This may seem to slow down the process, but on the 
other hand, longer exposure time tolerates more error in human handling time. Also, 
as the intensity profile is a Gaussian distribution, increased beam diameter means the 
intensity is more uniform over the exposed area, and increased phase front means 
that the beam can be better approximated as a plane wave over the exposure area. 








Figure 3.2 (a) Top view of Lloyd’s mirror interferometer setup; (b) interference of 
incident and reflected light on the substrate; and (c) two beams interfere forming 
periodic bright and dark fringes to expose photoresist. 
 
When the laser beam reaches the sample stage, some of the light incidents on 
the Lloyd’s mirror and gets reflected to interfere with the light that incidents directly 
onto the sample surface (Figure 3.2 (b)), producing periodic bright and dark fringes 
as a result of constructive and destructive interferences. The interference pattern is 
then used to expose the photoresist, as illustrated in Figure 3.2 (c), rendering LIL a 
maskless process. The resulting photoresist pattern will have the period (P) as  
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                    

sin2
P       (3.1)          
where λ is the wavelength of the laser, θ is half of the angle at which the two light 
beams intersect. 
The mirror in use was an aluminum square mirror (99% UV reflectance). It had 
enhanced UV reflectivity as compared to other metals, and provided constant 
reflectivity over a broad range of angles. The intersection of the mirror and the image 
plane was aligned with the axis of the rotation stage, allowing easy variation of the 
intersection angle of the two interfering beams, hence, the period of resulting 
photoresist pattern.  
During the exposure step, an optimum exposure time was found for each batch 
of samples. This was important because too short exposure time would cause a 
shallower patterning and too long exposure would result in smaller features and even 
photoresist lift-off. The photoresist (ultra-i-123, positive) was exposed once to 
pattern nanogrooves. It was exposed twice with the direction of the second exposure 
with respect to the first set at 90˚ for nanopillars (Figure 3.3) and about 30˚ for 
nanofins. As the bright and dark fringes of the interfering pattern are of the same 
width, with no over-exposure or under-exposure, the resulting width of the 
nanogrooves and the diameter of the nanopillars should be exactly half of the period. 
However, in some cases, the sample was deliberately overexposed to make smaller 
photoresist nanostructures with large spacing. 
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Even though contact printing has minimized the Fresnel diffraction as compared 
to proximity printing, in practice, there will always be some gap in between the mask 
and the sample, due to topology on the sample surface and unclean contact surfaces 
etc. Within Fresnel diffraction range, the minimum resolvable feature (Wmin) is given 
by [1] 
    ௠ܹ௜௡ ൌ  ඥߣ݃    (3.2) 
where λ is the wavelength of the light source, g is the gap distance. 
With our system, we have noticed that the resolution becomes poorer when size 
feature approaches 2.5 μm. For a mask pattern of dots array with 2.5 μm diameter, 
we either could not  resolve any feature at all, or we obtained 2.5 μm photoresist dots 
with a hole in the center (Figure 3.4 (a)) at best. The hole was actually exposed by 
Arago spot, the bright point that appears at the center of a circular dot’s shadow due 
to Fresnel diffraction [2]. This can be improved by adding a droplet of water on top 
of the photoresist surface (Figure 3.4 (b)). Thus when the sample was pressed against 
the mask, the gap would be filled by the water film. As a result, λ in equation (3.2) 
becomes smaller as light travels in water, pushing the minimum resolvable feature 
size further. 







Figure 3.4 Microscope images of 2.5 μm ultra-i-123 photoresist dot exposed using 




3.4.2 Issues Associated with Negative Photoresist SU8 
In this study, SU8 was coated on Si substrate with thickness of 50~70 µm. As 
the Si surface tends to be very reflective, reflected lights will expose the SU8 under 
the opaque part of the mask (Figure 3.5 (a)). An example of a SU8 sample produced 
under such condition is shown in Figure 3.5 (b). The opaque pattern on the mask was 
an array of rectangles of dimension 10 µm x 20 µm. SU8 is a negative resist, so 
theoretically after development, we should get rectangular holes in the SU8 film. But 
as is shown, there were only shallow dents on the film surface. We also obtained 
negative replica of this sample by casting PDMS on it and cured the PDMS to 
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mask with rectangle patterns of 10 µm x 20 µm. We can see that the holes penetrate 
through the film with added anti-reflection layer, but due to over exposure at the top, 
they have smaller opening than the bottom. In fact, the openings are smaller than the 
mask dimensions due to over exposure. 
To overcome this problem, a 3 W UV LED flashlight (Tank007 TK-566) with 
365 nm wavelength was used as the light source to expose SU8. The mask was 
placed on top of the sample and pressed against it with all its weight, while the 
flashlight was left standing on the mask during exposure. With optimized exposure 
time of ~10 s, the developed sample is shown in Figure 3.6 (c). We can see the holes 
have constant width throughout, and the top view (insert of Figure 3.6 (c)) further 
shows that the opening dimensions are 10.9 µm x 20.8 µm, very close to the mask 
pattern. 
  









Figure 3.6 (a) SU8 absorbance vs. film thickness, and SEM images of SU8 film after 
optical lithography using (b) mask aligner with 325 nm UV light source and (c) an 
LED flashlight with 365 nm UV light source. The mask used in both (b) and (c) has 
patterns of opaque rectangle array of 10 µm x 20 µm. The insert in (c) shows top 
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3.6 Poly(dimethylsiloxanes) Preparation 
Poly(dimethylsiloxanes) (PDMS) has been widely used in this study to replicate 
nanostructures and microstructures from  a master, for the purposes of (a) being an 
elastomeric mold to fabricate other polymer nanostructures such as Polyimide 
nanogrooves, (b) studying the inner profile of the master structures and (c) creating 
soft PDMS nanostructures and microstructures for actuation. 
PDMS has a  unique combination of properties resulting from the presence of an 
inorganic siloxane backbone and organic methyl groups attached to silicon [3]. Its 
glass transition temperature is very low and appears in liquid form at room 
temperature. But it can also be very easily converted into solid elastomer by cross-
linking. Prepolymers and curing agents are commercially available, and the PDMS 
used in this study is purchased from Dow Corning (Sylgard® 184 Silicone Elastomer 
Kit). It came in two parts, the liquid silicon rubber base and curing agent. 
The technique used to prepare PDMS structures was cast molding [4]. The 
master (in this study, Si, PET or SU8 with nano- and micro-structures on their 
surfaces) was first silanized by exposure to the vapor of anti-sticking agent, 
(Tridecafluoro-1,1,2,2-Tetrahydrooctyl) Trichlorosilane, for about 6 hours. 
Meanwhile, the pre-polymer and curing agent of PDMS were mixed with a certain 
ratio (10:1~5:1). After degassing, the mixture was poured over the master and heated 
at 70 oC for 3 hours for cross-linking to take place. The cured solid PDMS was then 
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 Moreover, in the process of making PDMS nanopillars, there were other things 
to take note, too. We started with a Si master (Figure 3.9 (a)) where the diameter, 
period and height of the nanopillars were 0.44 μm, 2 μm and 1.6 μm, respectively. 
By casting PDMS (prepolymer: cure agent = 10:1) on the master, after degassing in a 
desiccator (~10 Torr) for 2 hours and curing at 70 oC for 3 hours, we obtained  
negative replica of the master, i.e., a PDMS hole mold (Figure 3.9 (b)). Repeating 
the process by pouring PDMS mixture on the PDMS hole mold, after degassing, 
curing and peeling off, there were only small bumps on the PDMS surface rather 
than nanopillars as expected. This indicates that PDMS was not able to seep into 
high-aspect-ratio nanoholes in the second step. 
 A second attempt was tried with a more stringent degassing condition, by 
leaving the sample in a vacuum chamber (3 x 10-6 Torr) for 12 hours. The SEM 
image of such sample (Figure 3.9 (d)) shows collapsed PDMS wires on the surface, 
indicating that PDMS had seeped into the holes, but the wires were too soft to 
remain upstanding. To improve its stiffness, we changed the mixing ratio of pre-
polymer to curing agent from 10:1 which is recommended by manufacturer for 
general use [6], to 5:1, as different mixing ratios yield different proportions of 
crosslinked and uncrosslinked polymers after curing and hence vary the stiffness of 
the cured polymer [7]. By pouring the 5:1 mixture on to the PDMS hole mold, after 
degassing in the same vacuum chamber for 12 hours and curing, we finally obtained  
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For comparison, we also cut out a millimeter size PDMS rod with the same 
aspect ratio, 5 mm diameter and 15 mm height as compared to 0.33 μm diameter and 
1 μm height in Figure 3.9 (e). The PDMS in use was produced by mixing the 
elastomer and curing agent at a ratio of 10:1. In this case, the rod was rigid enough to 
remain free-standing. We concluded that as size scales down, PDMS structures tend 
to become softer. And their stiffness can be tuned by varying the elastomer to curing 
agent ratio. 
 
3.7 Scanning Electron Microscopy 
3.7.1 Principle 
SEM is a type of electron microscope that makes use of electrons generated 
from a thermionic, or field-emission cathode to scan the sample and produces image. 
The electrons are first accelerated through a voltage difference between cathode and 
anode (from as low as 0.1 keV to as high as 30 keV), and then de-magnified by a two 
or three stage electron lens system (Figure 3.10). The smallest beam at the virtual 
source has a diameter in the order of 10 ~ 50 μm for thermionic emission, and a 
diameter of 10 ~ 100 nm for field emission guns. After de-magnification, an electron 
probe of diameter 1 ~ 10 nm can be formed at the specimen surface.  Due to the very 
narrow electron beam, SEM micrographs have a large depth of field yielding a 
characteristic three-dimensional appearance and aid the understanding of the surface 
structures on a sample. 




Figure 3.10 Schematic drawing of a typical SEM system [8]. 
 
Interaction of the primary beam with the sample creates an excitation volume, in 
which electrons are scattered through elastic and inelastic scattering. The most 
common imaging mode collects low-energy (<50 eV) secondary electrons (SE) that 
are ejected from the k-orbitals of the specimen atoms by inelastic scattering 
interactions with beam electrons, whereas back-scattered electrons (BSE) that are 
beam electrons reflected from the sample by elastic scattering are also often 
collected to provide information on sample topography and material composition. 
The SE are detected by an Everhart-Thornley detector [9], a type of scintillator-
photomultiplier system. Due to their low energy, they originate within a few 
nanometers from the sample surface [10], and therefore offer rich information about 
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the surface. The electron beam is generally scanned in a raster scan pattern, and the 
beam's position is combined with the detected signal to produce an image.  SEM 
resolution depends on the smallest electron probe spot achievable, while the signal-
to-noise ratio is determined by the electron probe current, which decreases with 
probe spot size. Therefore, electron optics in SEM are designed to achieve the 
smallest electron spot with maximum current. 
The SEM machines used in this study were Philips XL30 and FEI NovaTM 
NanoSEM 230. For conducting samples such as Si, an accelerating voltage of 10 kV 
was used, while for non-conducting samples including all polymer samples used in 
this work, 5 kV was used. The working distance for all samples was about 5~10 mm. 
 
3.7.2 Sample Preparation 
Samples were cut into appropriate sizes to fit in the specimen chamber and 
mounted rigidly on a metal specimen stub. The stub connects the sample to ground to 
prevent accumulation of electrostatic charge at sample surface. This is necessary as 
charged surface repels the incident beam electrons, and causes image artifacts 
especially in SE imaging mode. In view of this, non-conducting samples, which 
include all the polymer samples in this study, were coated with a thin layer (10~20 
nm) of electrically conducting metal such as Au and Al using thermal evaporation. 
The metal coated surface will then be connected to the specimen stub using carbon 
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tape to create a conducting path. Furthermore, lower accelerating voltages (<5V) 
were also used to minimize charging at the surface. 
 
3.8 Atomic Force Microscopy 
Atomic force microscopy (AFM) is a very high-resolution type of scanning 
probe microscopy, and is one of the most frequently used tools for imaging, 
measuring, and manipulating matters at nanoscale. It can resolve features as small as 
an atomic lattice in the real space. The way it works is illustrated in Figure 3.11 [11]. 
It consists of a cantilever with a sharp tip (probe) at its end that is used to scan the 
specimen surface.  The cantilever is typically silicon or silicon nitride with a tip 
radius of curvature on the order of nanometers. When the tip is brought into 
proximity of a sample surface, forces between the tip and the sample lead to a 
deflection of the cantilever according to Hooke's law [12]. The amount of deflection, 
measured by a laser spot reflected on a split photo-detector, can be used to calculate 
the force. By monitoring the force while scanning the tip across the surface, the 
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Comparing to contact mode in which the tip is in close contact with the sample 
surface all the time to trace out its topography, tapping mode causes less damage to 
the sample and the tip. In contact mode, the probe tip experiences a repulsive force 
of about 10-9 N. Such a large repulsive force could cause deformation of the sample 
and the probe tip, and render atomic resolution imaging difficult [15]. 
In this study, all AFM images were taken by Digital Instruments NanoScope® 
AFM in tapping mode. The probes in use were App Nano ACTA tips. 
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Chapter 4 Synthesis of Polyimide Nanogrooves for 
Study in Cell-Substrate Interaction 
4.1 Introduction  
Over the last decade, cell behavior on nanoscale structures has attracted 
widespread and intense research interest. Different types of cells are known to 
respond to in vitro topological cues at nanometer length scales and behave 
differently as compared to on a flat, featureless substrate. The exact mechanism 
responsible for cells recognizing nanostructures is still unclear and being keenly 
debated [1,2]. Reports have shown that interaction between cells and nanostructured 
surfaces can modulate critical cellular events such as gene expression [3], embryonic 
development [4] and cell locomotion [5]. A comprehensive understanding on the 
interaction between cell and substrate will help to realize potential applications such 
as scaffolding for tissue engineering, designer bandages for wound dressing, and 
antifouling surfaces for implants. This, however, calls for controllable and cost-
effective methods to fabricate spatially precise nanostructures with desirable 
dimensions and features over a large area. 
To accurately control the shape and location of nanostructures, current 
fabrication techniques usually involve various lithography methods to define the 
nanopatterns precisely, such as photolithography, maskless lithography (e.g., 
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electron beam (e-beam) and focused ion beam lithography) and nanoimprint [6]. 
These methods are able to create uniform nanostructures with large surface coverage 
in a controllable fashion. However, they are often associated with high capital and 
operating costs, as well as complicated process facilities. Choi et al. reported a 
method [7] combining interference lithography (IL) and catalytic etching (CE), 
denoted by IL-CE, to bring down the cost of conventional fabrication techniques as 
they got rid of complicated lithography (e.g., e-beam lithography) and etching (e.g., 
deep reactive ion etching) process. With their method, Si nanostructures covering 
large areas (1 cm2 or more) have become possible with spacing of the nanostructures 
down to 200 nm or less. 
In this chapter, we will first demonstrate the use of IL-CE fabricated Si 
nanostructures for the study of cell behavior modulation. We will show that these 
substrates are hardly satisfactory considering the large quantity needed for statistical 
bio tests. First of all, the throughput is low due to the many process steps involved, 
and therefore it impedes the cell study frequently due to short supply of substrates. 
Secondly, even though IL-CE has brought down the cost of nanofabrication, the Si 
substrates are still too expensive to be the ideal disposable bio study material. Lastly, 
the opaque nature of Si also requires cells to be stained with florescent dyes for 
proper observation, prohibiting continuous, real-time observation of the dynamic 
process of neurite outgrowth/guidance, which occurs gradually over a period of 
several days. 
Chapter 4: Synthesis of Polyimide Nanogrooves for Study in Cell-Substrate Interaction 
-67- 
 
To overcome the shortcomings of the Si-based substrates, this chapter will also 
give a solution as how we use casting methods with such Si nanogrooved substrate 
as a master and fabricate cheap and transparent polyimide nanogrooves with high 
throughput to replace Si substrates in bio studies. 
 
4.2 Fabrication of Polyimide Nanogrooves 
4.2.1 Fabricate Si Nanogrooves Using IL-CE Method 
Figure 4.1 shows the main experimental steps in the IL-CE process for the 
fabrication of Si nanogroove arrays. P-type (100) Si wafers were chosen for this 
purpose. After cleaning, the Si sample was spin coated with photoresist (Ultra-i 123) 
at 6000 rpm for 1 min, resulting in a layer of about 400 nm thick, followed by a soft 
bake at 90 oC for 90 s. The photoresist was then exposed in the IL system (detailed in 
Chapter 3) for about 40 s to 1 min, with post exposure bake at 90 oC for 90 s before 
being immersed in Microposit MF CD-26 developer to dissolve away the exposed 
photoresist. After that, the sample would go through an oxygen plasma etch (power 
of 30 W, oxygen pressure of 0.5 Torr, etching time of 30 to 120 s) to remove any 
residual photoresist that had not been fully dissolved by the developer in between the 
unexposed photoresist lines. To carry out the catalytic etching of Si, gold (Au) was 
thermally evaporated on the Si wafer to a thickness of ~25 nm, at a pressure of 10-6 
Torr. The samples were then etched in a solution of H2O, HF and H2O2 at room 
temperature [8] where the concentrations of HF and H2O2 were 4.6 and 0.44 M, 
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respectively. After the nanogroove arrays were obtained, the Au was then removed 
using a standard Au etchant.  
 
Figure 4.1 Schematic diagram illustrating of the fabrication of silicon nanogroove arrays using 
a combination of interference lithography and catalytic etching (IL-CE). 
 
4.2.2 Fabricate PI Nanogrooves with Si Nanogroove as a Master 
The Si nanogroove sample made with the IL-CE method will be used as a 
master to first produce a polydimethylsiloxane (PDMS) mold with a negative 
nanogroove pattern. In order to avoid PDMS pairing effect (detailed in Chapter 3), 
with the period of the Si nanogrooves around 900 nm, their height was controlled to 
about 400 nm.  
The process started with coating the Si master with a layer of anti-sticking agent, 
(Tridecafluoro-1.1.2.2-tetrahydrooctyl) trichlorosilane, for easy release of PDMS 
after curing. PDMS was prepared with silicone elastomer mixed with the curing 
agent with a ratio of 10:1. After degassing, the mixture was poured onto the silicon 
substrate and then baked at 70 oC for 3 hours for cross-link to take place. After 
Chapter 4: Synthesis of Polyimide Nanogrooves for Study in Cell-Substrate Interaction 
-69- 
 
cooling, hardened PDMS was peeled off the Si master and used to produce the PI 
nanogroove substrate. As is illustrated in Figure 4.2 (a), the liquid form of PI was 
then spin-coated onto the PDMS mold at 300 rpm for 2 minutes followed by an oven 
baking with temperature ramped from 100 oC to 180 oC for 14 minutes. The cured PI 
film was then cooled down to room temperature and easily peeled off from the 





Figure 4.2 (a) Schematic illustration of the basic steps in fabricating polyimide 
nanogroove substrate by a casting method using Si nanogroove substrate as the 
master. (b) SEM image of the polyimide nanogrooves. 
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Note that during cooling down, the PI film tends to warp resulting in an uneven 
surface. To solve this problem, after cooling down, the uneven piece was sandwiched 
in between two clean wafer pieces and put under a weight of about 100g. The whole 
system would then be baked in the oven at 100 oC for 1~2 minutes. This process will 
not cause damage to the surface nanostructures and will give a fairly even PI 
substrate after baking. Figure 4.2 (b) shows an SEM image of the PI nanogrooves 
fabricated with this method. 
Now with just one Si master, many identical PDMS molds can be produced. 
These molds can be used simultaneously to spincoat and cure PI, rendering the 
casting a parallel process with greatly improved throughput. Moreover, using PDMS 
molds for repeated curing and peeling off PI replicas shifts the wear and tear from 
precious Si master to cheap PDMS molds. Last but not least, all PI nanogroove 
substrates are replicas of one same Si master, limiting the error introduced into bio 
studies due to differences of substrates to a very minimal extent. 
 
4.3 Differentiation of Neuronal Cell on Nanostructured Surfaces 
This study on differentiation of neuronal cell on nanostructured substrates was 
carried out in collaboration with the research group of Prof. HP Too of the 
Biochemistry Department, NUS. The murine neuroblastoma cell line Neuro2A 
(catalog # CCL- 131; American Type Culture Collection) cells were grown in 
DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone, 
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Logan, UT), in a humidified atmosphere with 5% CO2 at 37oC. Wild type Neuro2A 
cells were selected with 0.4 mg ml-1 G418 (PAA Laboratories GmbH, Austria), over 
a period of more than 2 months.  
Neuro2A cells have been shown to share more than 98% proteomic similarity 
with the whole mouse brain [9] and have been used extensively to model processes 
of neuronal differentiation [10,11]. Upon treatment with a variety of chemical and 
pharmacological agents, these cells can develop axon-like or dendrite-like processes, 
similar to those observed in hippocampal and cortical cultures [12,13]. The ease of 
manipulation and the well characterized response to various stimuli have invariably 
made Neuro2A an ideal model for the investigation of the role of topological cues in 
in vitro neuritogenesis [14]. 
To test the differentiation of Neuro2A cells and to assess the neurite extension, 
thirty thousand Neuro2A–eGFP cells were seeded in each well of 12-well 
polystyrene plates or onto plain and structured Si wafer or polyimide substrates and 
incubated in complete serum medium for 16 h to allow adhesion, before being 
exposed to all-trans retinoic acid (15 μM; Sigma, St Louis, MO) for 24 h to induce 
differentiation.  
Prior to image acquisition, for experiments using Si substrates, plain and 
structured Si wafers on which Neuro2A–eGFP were grown and differentiated were 
removed from 12-well polystyrene plates, gently rinsed with 1 x PBS and mounted 
on glass slides with DAKO Fluorescent Mounting Medium (DAKO Corporation, 
Carpinteria, CA). Fluorescent images were captured with Nikon Coolpix 995 digital 
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camera (Nikon, Japan) positioned on Zeiss inverted Axovert 25 microscope equipped 
with fluorescence detection. For control experiments performed on transparent 
polystyrene plates and studies done on transparent PI substrates, neurite growth were 
observed and captured directly using a Zeiss Axio Observer Z1 Inverted Microscope. 
 
4.3.1 Neurite Outgrowth/Guidance on Si Nanostructure Arrays 
Using the IL-CE method described in Section 4.2.1, we created various 
nanostructure (nanopillar, nanofin and nanogroove) arrays to study the effect of 
different nanoscale surface topologies in guiding neurite extension of Neuro2A cells. 
Upon treatment with retinoic acid, extensive neurite outgrowth was observed on all 
surfaces, as shown in Figure 4. 3. 
Neurite extension on the nanopillar and nanofin arrays was found to occur in 
random directions, similar to that on polystyrene or flat Si surfaces. In contrast, 
neurites were found to orientate in parallel directions on nanogrooved surfaces. This 
finding is consistent with earlier reports of topological guidance of neurite extension 
on nanogrooved surfaces [15,16], and gives rise to an intriguing hypothesis that 
neuronal cells can sense topological cues at the molecular level. Also, our studies 
showed that groove depths of length scales below 20 nm do not appear to direct 
neuronal growths efficient, which is also consistent with the suggestion.  




Figure 4.3 Differentiation of Neuro2A–eGFP cells on nanopatterned surfaces (pillar-
like, fin-like and groove nanostructures). Neuro2A–eGFP cells were exposed to 15 
mM retinoic acid to induce differentiation. Shown here are representative images of 
native (a) and differentiated (b–f) Neuro2A–eGFP cells grown on various surfaces. 
Insets are SEM images of the pillar-like, fin-like and groove nanostructures. 
Dimensions of silica nano-grooves: width 400 nm, period 1 μm and depth 600–700 
nm. 
  
Johansson et al. [17] also reported similar findings of axonal growths guided by 
the nanogrooves and nanoridges, and that the axons seem to lie on ridges rather than 
in grooves. But their studies were limited within nanostructured surfaces of only 200 
μm x 200 μm. IL-CE method with its large nano-patterned surface area (1 cm x 1 cm) 
has therefore opened up broad ground for the study of topological guidance of 
neurite extension over long distances, and will be much more useful in understanding 
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neurite extension and guidance over the large nerve gap (>1 cm) typically seen in 
injuries to human peripheral nervous system. 
However, as experiments went on, we started to notice that the huge amount of 
time needed to fabricate the Si substrates has considerably slowed down our progress. 
Moreover, the cost of Si wafers in use also became significant. Combining the fact 
that most cell studies were also carried out on polymer based substrates [15,16], we 
therefore re-directed the study on large area Si nanogroove surfaces to large area PI 
nanogroove surfaces. 
 
4.3.2 Neurite Outgrowth/Guidance on Polyimide Nanogroove Arrays 
Neuro2A cells were seeded onto PI substrates with or without nanogroove 
features and induced to differentiate with 15 μM of retinoic acid. Similar to that on 
Si substrates, Figure 4.4 shows that extensive and random neurite outgrowth was 
observed on plain polymer substrate whereas directed neurite outgrowth was seen on 
substrates with nano-groove features. This demonstrates that PI substrates are an 
excellent replacement for Si substrates.  
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Figure 4.4 Differentiation of Neuro2A cells on plain and nano-grooved polyimide 
substrates. Neuro2A cells were exposed to 15 µM retinoic acid to induce 
differentiation. Control experiments were performed on polystyrene surfaces. 
Dimensions of polyimide nano-grooves: width 400 nm, period 1.2 μm and depth 400 
nm. 
 
Moreover, besides lower cost and easy fabrication, PI substrates have one more 
advantage as compared to Si. They are transparent, and therefore allow cells to be 
directly observed and images captured in real time using a normal microscope. In 
this way, we can get rid of the step of staining the cells with fluorescent dyes which 
would kill the cells and mark the end of one experimental run. Lots of time and 
energy has been saved, and the cell study starts to progress with great momentum. 
Nevertheless, PI substrates are not perfect. Slow disintegration was found 
during neurite growth studies. Yellowish leakage, which is the same color as the PI 
substrate, was observed in serum medium. This may become a problem hindering 
future studies where prolonged incubation is necessary. 
 
  




In summary, this chapter presents a method to fabricate inexpensive, large-
surface-area nanostructures with the appropriate dimensions and features, for 
biological studies on cell-substrate interactions. The IL-CE method which is capable 
of producing spatially precise and wide-surface-coverage silicon-based 
nanostructures paved the way for high throughtput and cost-effective fabrication of 
PI substrates, making possible systematic studies of how cells react to nanoscale 
structures or surfaces of appropriate length scales. The feasibility of using PI 
nanogrooved substrate to induce directed growth of neuronal structures of the 
Nuero2A cells was demonstrated. These substrates are helpful to further studies on 
how cells recognize nanostructures, in order to realize potential biomedical 
applications such as scaffolding for tissue engineering, designer bandages for wound 
dressing, and antifouling surfaces for implants. 
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Chapter 5 Fabrication and Applications of PET 
based Nanostructures 
5.1 Introduction 
The ability to fabricate nanometer scale structures on polymer substrates has 
become a very active research topic recently, as many potentially exciting photonic 
[1-4], magnetic [5,6] and biomedical [7-9] applications arises from polymer 
nanostructures which are flexible, transparent to light and bio-compatible. For 
instances, polymer-based flexible solar cells have seen improved power conversion 
with increased donor-acceptor interfacial area by patterning electron donor and 
acceptor layers [1], polymer diffraction gratings can optically sense the variation of 
solution pH, which can be extended to sense the ionic strength and other analytes in 
solutions [2], high resolution gratings were fabricated for the application of 
polymeric optical waveguide devices [3]. Poly(methyl-methacrylate) (PMMA) 
nanostructures were used as a nano template to define quantized magnetic disks, 
which can overcome the storage density limit of conventional thin-film magnetic 
disks by several orders of magnitude [5]. It has also been demonstrated that by 
combining polymer nanopatterning techniques with molecular self-assembly, 
scientists were able to spatially control the immobilization of a low number of 
molecules for the study of single molecular events [7]. All these examples show 
unique and promising opportunities brought about by polymer-based nanostructures. 
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The methods to fabricate nanostructures on polymer substrate include 
nanoimprint lithography [1,7,8], e-beam lithography [9], laser induced holography 
[10], or reactive ion etching [11,12]. The major problems associated with these 
techniques are the throughput and the associated costs involved in creating such 
structures. 
This chapter will report results on the synthesis of nanostructures via 
interference lithography (IL) and plasma etching techniques on polyethylene 
terephthalate (PET) substrate. We will discuss the influence of chemical and physical 
etching mechanisms on the synthesis of nanostructures. We will also show that our 
method is highly desirable due to the simplicity and low cost of the fabrication 
process for the production of periodic nanostructures of different shapes and 
dimensions in large area (1 cm2). In fact, an example of PET nanogrooves being used 
in biomedical field will be given in the application section to show how it helps to 
reduce cost and simplify experiments. Moreover, due to the flexible property of these 
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5.2 Fabrication of Nanogrooves  
5.2.1 Fabrication Using PECVD Machine and Etching Mechanisms 
The PET films (3M™ transparency, model PP2290) were first washed in 
acetone and rinsed with deionized water followed by spin-coating a layer of 
photoresist (Ultra-i 123) on them at 800 rpm for 150 s, and soft-baked at 110 oC for 
90 s. The resulting photoresist thickness was ~650 nm (Figure 5.1 (a)). To create 
nanogrooves, the photoresist on the substrate was exposed by the IL system once for 
6 min with the half angle at which two laser beams interfere set to be 10o  (for 
nanogrooves with a period about 935 nm) and with a post-exposure bake at 110 oC 
for 90 s. The exposed photoresist was then removed using Microposit MF CD-26 
developer for 1 min and the photoresist nanogrooves were now successfully defined 
on PET substrates (Figure 5.1 (b)). 
The first batch of samples with photoresist nanogrooves were loaded into a 
plasma enhanced chemical vapour deposition  (PECVD) machine (SAMCO PD2400) 
and etched with O2 plasma. The PET substrate that was not protected by the 
photoresist would be chemically etched away (Figure 5.1 (c)). The remaining 
photoresist was subsequently removed by exposing the sample under ultra violet 
source for 3 minutes and immersing in CD-26 developer for 2 minutes. Finally, the 
sample was rinsed in DI water and blown dry (Figure 5.1 (d)).  




Figure 5.1 Schematic diagram of the process flow in creating nanostructures on 
transparency. (a) spincoat a layer of photoresist, (b) patterning with interference 
lithography, (c) plasma etching and (d) removing photoresist.    
  
Figure 5.2 (a) shows an SEM image (top view) of PET nanogrooves obtained by 
etching in O2 plasma at 15 W for 15min, at a chamber pressure of 0.4 Torr. Very 
good uniformity was achieved for the nanogrooves over a sample area of 1cm x 1cm. 
The sample was further examined using AFM characterization and typical result is 
shown in Figure 5.2 (b). Two parameters were extracted from the AFM image, the 
ridge-top width, w, and the trench depth, d. These two parameters are important to 
determine the lateral and vertical etch rate of the plasma process.  
vertical etch rate = d/etching duration                      (5.1) 
lateral etch rate = [(P/2-W)/2]/etching duration         (5.2) 
As is illustrated in Figure 5.2 (c), P/2 in Eq. (5.2) is the width of the photoresist 
nanostrips before etching. When no lateral etching was present (anisotropic process), 
the pattern should be transferred identically to the PET substrate such that w should 
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be equal to P/2. When isotropic etching is present, the reduction in width shows the 
amount of undercutting from both sides of the grooves, hence, the numerator is 





Figure 5.2 (a) Scanning electron micrograph of a nanogroove sample etched for 15 
min in O2 plasma using PECVD machine at plasma power of 15 W and chamber 
pressure of 0.4 Torr; (b) Atomic force micrograph image of the same sample, with w 
and d labeled for etch rate calculation; (c) illustration showing vertical etching and 
lateral etching. 
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Nanogrooves on PET substrates were also fabricated by O2 plasma with other 
etching conditions. The etching duration for each sample is carefully chosen so that 
it is not under-etched, i.e. d is too small to measure, or over-etched when w is almost 
negligible. We have observed good uniformity of the nanostructures on a sample 
area of 1 cm2 in all different etching conditions. Based on the w and d data extracted 
from the AFM images of these samples, lateral and vertical etch rates as a function 
of RF power and O2 pressure is presented in Figure 5.3. We can see that both the 
lateral and vertical etch rates increase with RF power and chamber pressure. This is 
reasonable as power increases, the reactive species in the plasma are more energetic, 
making chemical reactions easier to happen; also, a higher power leads to higher 
plasma density, which again makes the reactive process faster, both will cause an 
increase in the etch rate. On the other hand, increased O2 pressure means a higher 
concentration of oxygen in the chamber, thus more PET reacts with oxygen and gets 
etched away, i.e. the etch rate increases. Moreover, due to a 200 V DC bias across 
the top and bottom electrodes of the PECVD machine, the vertical etching is 
enhanced by ion-bombardment as compared to the lateral etching, resulting in a 
higher vertical etch rate. 




Figure 5.3 Results of etch rate as a function of plasma etching conditions (O2 
pressure and RF power) obtained using a PECVD machine. The solid lines are 
results for different RF power with O2 pressure fixed at 0.4 Torr. The dotted lines are 
for different O2 pressure but with RF power fixed at 40 W. 
 
From Figure 5.3, we can see that lateral etch rate is about half of the vertical one. 
This means significant isotropic etching in O2 plasma, which is expected from a 
chemical etching process. We can also foresee that this process is not suitable to 
create nanopillars on PET substrates, as severe isotropic etching will only yield hill-
like nanostructures on the surface. An SEM image of such hill-like nanostructures 
obtained from an experiment for the synthesis of nanopillars on PET substrate using 
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causing lateral etching. This process can continue till the ions dissipated all its 
energy. Therefore, when RF power increases, Ar ions in the plasma becomes more 
energetic, resulting in more vertical and lateral etching at the same time.  
On the other hand, for physical sputtering, both lateral and vertical etch rates 
drop as chamber pressure goes up. In a low pressure chamber, highly energetic Ar 
ions are less likely to collide with other gas species and lose energy. When they 
arrive at the sample surface, their velocity will be higher than those in higher-
pressure chamber. Similarly, the ions can also preserve more energy after being 
backscattered and before hitting the sidewall. This is why both lateral and vertical 
etch rates drop as chamber pressure increases. 
With the same reasoning, one would also expect lateral etching to become less 
severe when spacing between the structures increases as Ar ions will gradually lose 
energy on its way to the sidewalls. With increased spacing, the amount of Ar ions 
able to reach the sidewall will be reduced; and for those reaching the sidewall, they 
may not be able to bounce on the sidewalls as many times and as hard as when the 
spacing is close. This is experimentally proven in section 5.4. Furthermore, Figure 
5.5 (c) also shows that the lateral etch rate is about half of vertical etch rate, 
rendering this process not suitable to create nanopillars (see Figure 5.5 (d)). 














Figure 5.5 (a) Scanning electron micrograph image and (b) atomic force micrograph 
image of a nanogroove sample etched for 15 min in Ar plasma using PECVD 
machine at RF power of 30 W and chamber pressure of 0.4 Torr, (c) etch rate versus 
plasma etching conditions (Ar pressure and RF power) obtained using a PECVD 
machine. The solid lines are results for different RF power with Ar pressure fixed at 
0.4 Torr. The dotted lines are for different Ar pressure but with RF power fixed at 40 
W, (d) SEM image to depict the failed attempt to create nanopillars using PECVD 
machine with Ar plasma at 40 W for 15 min. 
 
Like said earlier, the etching time was carefully controlled such that we can 
measure non-negligible d (depth of nanogrooves) and w (width of nanoridges) of all 
the samples. This results in various depths of the nanogrooves. The AFM manual 
specifies roughness as “the standard deviation of the Z values within the box cursor”, 
i.e., the standard deviation of the height value of all data points measured within the 
selected area. According to this definition, we consider the roughness data read from 
AFM images do not offer meaningful insights of the plasma conditions as the 
topography of the samples etched in different conditions vary a lot (due to 
specifically chosen etching time in each condition), and topography in this case 
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dominates the surface roughness. In light of this, we decided not to carry the 
roughness study of patterned surfaces further. Moreover, as other groups have 
already studied plasma effect on etching non-patterned PET substrates (Figure 2.2 
[15-16]), we will therefore not repeat the work on non-patterned surfaces. 
 
 
5.2.2 Fabrication of Nanogrooves by Anisotropic Ar Etching 
Note that the experiments in 5.2.1 were all done with the PECVD machine 
where the bias across top and bottom electrodes was only 200V whereas the bias in 
the RF sputtering system is 1 kV. As shown in Figure 5.5(c), with PECVD machine, 
with Ar plasma operated at 0.4 Torr 50 W, the etch rate is about 16 nm/min. We 
found that by using the RF sputterer to etch nanostructures, we obtained nanogrooves 
of ~520 nm with Ar plasma operated at 0.5 Torr and 50 W for 2 min. This gives an 
etch rate at 260 nm/min and it shows that under similar etching conditions, the etch 
rate obtained from the sputterer was ~16 times faster than the PECVD machine.  
This means the much larger bias will add to the voltage drop across the sheath region, 
further accelerating Ar ions as they travels through it towards the substrate and 
enabling them to bombard the sample surface with much greater velocity. As a result, 
the vertical etch rate has been enhanced greatly. This process does not inflict strong 
influence on lateral etching, so the anisotropy of this etching process is expected to 
be significantly improved. To show this, we deliberately destroyed part of the 
nanogrooves created using the sputterer in Figure 5.6 to reveal cross-section. The 
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straight sidewalls of these nanogrooves in the inset of Figure 5.6 demonstrate as a 
proof of improved anisotropy. 
 
 
Figure 5.6 Scanning electron micrograph image of nanogrooves fabricated using RF 
sputterer (top view) in Ar plasma for 90 s with chamber pressure fixed at 0.5 Torr 
and RF power of 50 W. The insert shows the cross section of the grooves.  
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5.2.3 Fabrication of Nanogrooves with Gradually Changing Periods 
We have also exploited the flexible property of the transparency substrate to 
create nanogrooves of varying periodicity in a sample. The IL setup for this purpose 
was modified such that the transparency was bended during exposure. A stage made 
of a quarter of a cylinder was employed and the transparency was stuck to the stage’s 
curvy surface with carbon tape during exposure, as shown in Figure 5.7 (a). Now 
consider a substrate with an angle β to the image plane (Figure 5.7 (b)). The resulting 
photoresist pattern will consequently have a period as 
ܲ ൌ ఒଶ௦௜௡ఏ ·
ଵ
௖௢௦ఉ                                  (5.3)         
A bended sample stuck on the cylinder stage can be considered to have an 
increasing β angle with the image plane as the sample stretches further away from 
the mirror, and thus the period of the photoresist pattern will gradually increase from 
the end near the mirror to the end away from the mirror. 
 
(a)  (b) 
Figure 5.7 (a) Modification of the IL setup to create nanogrooves with gradually 
changing period. (b) Illustration of how period of the photoresist pattern increases as 
a result of increasing angle between the sample and the image plane.  




With this modification in IL setup, we managed to create nanogrooves with 
gradually increasing period on one piece. SEM images of such a piece are shown in 
Figure 5.8. The etching was done in RF sputterer at 0.5 Torr, 50 W for 2 min. 
 
(i) (ii) (iii) (iv) 
Figure 5.8 SEM images of changing-period nanogrooves made with Ar sputtering 
technique. The periods are 540, 586, 648 and 738 nm for (i), (ii), (iii) and (iv), 
respectively. The scale bar on each image is 2 μm. 
 
 
5.3 Fabrication of Nanopillars and Nanofins 
To synthesize PET nanopillars and nanofins, the whole fabrication process is 
similar to the creation of nanogrooves except that the photoresist was exposed twice 
with the direction of the second exposure with respect to the first set at 90˚ for 
nanopillars and about 30˚ for nanofins. The samples were then loaded into the 
sputtering system. Figures 5.9 (a) and (b) show the SEM images of PET nanopillars 
and nanofins obtained by etching in Ar plasma for 90 s with chamber pressure fixed 
at 0.5 Torr and RF power of 50 W. By varying the etching duration, the height of the 
structures can be controlled precisely, e.g. a 2 min etching resulting in a feature 
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height of 600 nm. Moreover, by varying IL beam intersecting angle, the period of the 
structures can vary from 400 nm to 1.5 um. Uniform patterns of nanostructures have 




Figure 5.9 SEM images of (a) nanopillars and (b) nanofins created using sputterer in 
Ar plasma for 90 s with chamber pressure fixed at 0.5 Torr and RF power of 50 W. 
 
The limitation with using sputterer system for the creation of nanogrooves, 
nanopillars and nanofins is the maximum height that can be achieved without 
damaging the geometry of the nanostructures. Because the pattern was first defined 
in IL with the masking material of ultra-i 123 photoresist, Ar plasma has very low 
selectivity in etching ultra-i 123 and the PET substrate. After a certain etching 
duration (normally around 2.5 minutes), the PET nanostructures will reach their 
maximum height of ~650 nm, which is roughly the thickness of the spincoated 
photoresist. At this point, the protecting photoresist has all been etched away, and the 
incident Ar ions will etch down every part of the PET substrate at the same rate, 
causing no more increase in the height of the nanostructures. 
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5.4 Fabrication of Nanoholes 
Besides making protruding nanostructures, our process can also synthesize 
indented structures like nanohole arrays with controllable dimensions and good 
uniformity. To do so, we invert the IL defined nanopillars into holes by evaporating 
a layer of Al on top of the photoresist after it is developed (see Figure 5.10). The 
sample was then immersed in acetone and placed in a sonicator bath for 2 minutes to 
lift off the photoresist. As a result, a layer of Al film with holes array in it will cover 
the PET surface. Nanoholes on PET substrate can then be obtained by plasma 
etching with Al as the masking material that can be subsequently removed in alkali 
CD-26 developer.  
 
Figure 5.10 Process flow to create Al hole template. 
 
 
Figures 5.11 (a) to (c) shows the top view images of nanohole samples etched in 
different conditions. To study the inside profile of these holes, PDMS was cast onto 
these samples as PDMS is known to conform well to low-aspect ratio features and 
replicate nanostructures with good fidelity. It was prepared by mixing silicone 
elastomer and the curing agent at a ratio of 10:1. After degassing, the PDMS was 
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poured onto the PET substrate and then baked at 70 oC for 3 hours for cross-link to 
take place. The hardened PDMS was peeled off after cooling. Protruding PDMS 
features were then examined using SEM and typical results are shown in Figure 5.11 














Figure 5.11 (a) and (b) are nanoholes etched in PECVD machine with RF power of 
40 W and chamber pressure of 0.4 Torr for 15 min using O2 and Ar plasma, 
respectively, (c) nanoholes etched in sputterer with Ar plasma with RF power of 50 
W, chamber pressure 0.5 Torr for 100 s. (d) to (f) are the PDMS negative replica of 
(a), (b) and (c) respectively. The scale bar is 2 μm in all pictures. 
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Isotropic etching is expected from nanoholes etched using PECVD machine 
with both O2 and Ar plasma, and this is indeed confirmed by the SEM images of 
Figure 5.11 (d) and (e). However, one would anticipate that by etching in Ar plasma 
with the sputtering system, the nanoholes should have straight sidewalls, since 
anisotropic etching has been witnessed in previous sections. However, the SEM 
images of samples etched with the sputtering system (Figure 5.11 (f)) depict 
pronounced isotropic etching profiles. This is due to the fact that in the creation of 
nanoholes, once the incident Ar ions hit the bottom of the holes and get 
backscattered, they will knock on the sidewall of the hole with a much greater 
chance as compared to the sidewall of a nanopillar (during the process of creating 
nanopillars) as in the later process, there is plenty of space for the backscattered Ar 
ions to escape. 
We have earlier allured to the fact that when feature spacing increases, isotropic 
etching will become less prominent because Ar ions lose more energy on their way 
to reach the sidewall and thus will have a lower chance to reach the sidewall. This is 
especially evident with nanohole samples. We have prepared two samples using IL 
and optical lithography such that the Al holes have diameters of 400 nm and 2.41 μm, 
respectively (see SEM images in Figure 5.12). After etching using Ar plasma 
generated in the PECVD machine at 75 W for 15 min, we observed that the diameter 
of the small holes increased to more than 650 nm (more than 250 nm lateral etching), 
but that of the big holes only increased to 2.52 μm (110 nm lateral etching).  




Figure 5.12 SEM images of Al hole template and resulting PET holes after being 
etched in Ar plasma at 75 W for 15 min. (a) small holes defined by IL, with Al hole 
diameter around 400 nm and PET hole diameter more than 650 nm after etching; (b) 
big holes defined by optical lithography, with Al hole diameter around 2.41 μm and 
PET hole diameter 2.52 μm after etching. 
 
It is worth noting that two lithography methods are currently used in creating 
PET based nanostructures, namely, nanoimprint lithography (NIL) and e-beam 
lithography. Both of these can create features as small as a few nanometers. However, 
NIL requires specific mold to be made for each pattern to be imprinted and the ways 
to fabricate the molds are generally slow and costly. Moreover, NIL is normally done 
with the polymer film coated on a rigid substrate and imprint with a rigid mold. 
When the substrate is the flexible polymer itself, the conformity between the mold 
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and the polymer is an issue to be considered. Also, NIL is usually done in high 
temperature environment and applies high pressure and this may cause damage to 
other parts of a delicate device. The problems associated with e-beam lithography are 
low throughput and high lithography cost. We have demonstrate in this chapter that  
it is possible to overcome some of the problems associated with using NIL or e-beam 
lithography for the fabrication of polymer based nanostructures, such as flexibility in 
defining shape of nanostructure, process simplicity and reduced cost, by synthesize 
PET based nanostructures using IL and plasma etching.  
 
5.5 Applications 
5.5.1 Neurite Growth 
 We have repeated the experiments described in Chapter 4 on directed neurite 
growth using PET nanogroove substrates.  Cells were prepared in the same way as 
described in Chapter 4. Thirty thousand Neuro2A–eGFP cells were seeded in each 
well of 12-well polystyrene plates or onto plain and structured PET (nanogrooves) 
substrates and incubated in complete serum medium for 16 h to allow adhesion, 
before being exposed to all-trans retinoic acid (15 μM; Sigma, St Louis, MO) for 24 
h to induce differentiation. Neurite outgrowths were observed and images captured 
on a Zeiss Axio Observer Z1 Inverted Microscope. 
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  Figure 5.13 (a) to (c) shows the microscopic images of neurite growth on 
plain polystyrene surfaces (control experiment), plain-transparency surfaces and 
nano-grooved transparency surfaces. We can see extensive and random neurite 
outgrowth was observed on plain polymer substrate (plain polystyrene surface in 
Figure 5.13 (a) and plain transparency surface in Figure 5.13 (b)) whereas guided 
neurite outgrowth along nanogroove directions was seen on substrates with nano-
groove features (Figure 5.13(c)). This shows that like PI substrates, nanostructured 
PET substrates are also an excellent replacement for Si substrates. Furthermore, the 
warping and disintegration problem associated with PI substrates are no longer an 
issue.  
(a) (b) (c) 
Figure 5.13 microscopic view of neurite growth on (a) plain polystyrene surfaces, (b) 
plain transparency surfaces, and (c) nano-grooved transparency surfaces. Dimensions 
of transparency nano-grooves: width 300 nm, period 1.2 µm, depth 400-500 nm. 
  
 It is worth pointing out that our substrates (both PI and PET) made the study on 
the mechanism of directed neurite growth under geometrical cues easier, because we 
are able to provide large quantity of cheap, large area of uniformly patterned 
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substrates in short delivery time. Meanwhile, the transparent nature of the substrates 
allows direct viewing under a normal microscope, whereas observation of cells 
grown and differentiated on traditional Si nanostructure substrates require cell 
dyeing and a sophisticated microscope (Zeiss inverted Axovert 25 microscope 
equipped with fluorescence detection) [17]. On the other hand, PI and PET substrates 
both have their own strengths. The PI substrates are all replica of one single Si 
master, therefore they provide great substrate consistency and limit random factor 
introduced into the controlled biological experiments by the substrates. The process 
of fabricating PET substrates got rid of the high temperature curing step which was 
critical in creating PI films; hence their surfaces were perfectly flat. When viewed 
under microscope, no part of the PET surface was out of focus due to substrate 
unevenness. Also, unlike PI substrates, no disintegration was found with PET 
substrates. 
 
5.5.2 Curved Imprint and Polystyrene Nanorings 
 The flexible property of PET nanogrooves and nanoholes enables them to be 
bent during imprinting process, and therefore, patterning nanostructures on a curvy 
surface becomes possible. To do so, we made use of a mould as shown in Figure 
5.14 (a). The PET master was stuck to the rod with carbon tape, with patterned side 
facing up. Pieces of polystyrene (PS) film cut from a disposable cup are inserted in 
the slot on top of the PET master. After clamping the system, PET and PS pieces will 
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Figure 5.15 PET master and PS replica comparison. 
 
With the same process, we found very interesting results when the master in 
use was PET nanoholes sample (Figure 5.16 (a)). Ramp the oven temperature from 
50 oC to 200 oC, if we hold at 200 oC for 2 minutes, nanorings were produced on PS 
surfaces (Figure 5.16 (b)); if we hold at 200 oC for 2.5 minutes, nanobumps were 
produced (Figure 5.16 (c)). Both patterns cover the curvy PS surface uniformly, and 
four SEM images at different locations of each sample were taken. The PET master 
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top of it will not be in full contact, jeopardizing the uniformity of imprinted patterns.  
This was not a problem during curved imprint, because the PET master was bent in 
the first place, its internal tension drives it to restore to flat state when the rod is 
taken out to cool down. Thus, the PET will always adhere to the curved PS piece on 
top of it. 
Moreover, PET nanogrooves/ nanopillars/ nanofins fabricated by Ar sputtering 
with fairly straight sidewalls are not suitable for such imprinting process. As the 
adhesion between softened PS and PET is rather large, these protruding features are 
easily plucked out from the master and will be buried inside the PS surface. 
 
5.6 Conclusion 
This chapter presents a novel method of creating nanostructures on PET 
substrate using IL and plasma etching. With this method, we can easily vary the 
period (400 nm to 1.5 µm) and change the shapes of the pattern (grooves, pillars, fins 
and holes) without resorting to complicated fabrication processes and obtained wide 
surface coverage with good uniformity. This method is ideal for synthesizing 
nanostructures for experiments that required large area, precise geometry and less 
costly substrates. It also paves the way for curved imprinting as well as creating PS 
nanorings. 
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Chapter 6 Actuation Studies of PDMS Micro- and 
Nanostructures via Magnetic Means 
6.1 Introduction  
Natural structures have shown sophisticated design strategies, equipping the 
organisms and plants with extraordinary capabilities such as adhesion [1], self-
cleaning [2], propulsion [3] and sensing [4]. A close examination of these cases will 
show that these seemingly unrelated designs all make use of fibers and high-aspect-
ratio micro- and nanostructures. For example, gecko’s feet are comprised of half a 
million setae fibers, each of which is tipped with ~1000 nanometer-sized spatula 
[1,5]. These fine fibers work together and provide an adhesion force sufficient to 
keep geckos firmly on their feet [1,6]. Nanostructures on the surface of lotus leaves 
render the leaves superhydrophobic, thus water droplets will roll off while bringing 
with them the collected dust particles, and maintain a clean leaf surface [2]. Fibrous 
structures (cilia) grown on the body surface of fish and amphibians are connected to 
a hair cell at their base, and can therefore detect water flow [4,7]. Due to this sensing 
ability, fish are able to swim in dark narrow caves without colliding with other 
organisms moving in their vicinity [4]. Microorganisms use their very long (~10 μm) 
and thin (~20 nm in diameter) flagella as the organelles of motility to swim and 
tumble [3]. 
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Significant effort has been devoted to imitating these natural designs for 
exciting applications. The adhesion mechanism of gecko’s foot hair has been 
employed to fabricate substrates with high-aspect-ratio polymer fibers as dry 
adhesives [8,9]. Our group has mimicked both lotus and pedal wettability effect on a 
single substrate by fabricating“hybrid” superhydrophobic surfaces on silicon (Si) 
substrates with tunable, spatially selective adhesion behaviour for wettability study 
[10,11] and bio-analytic study [12]. Toonder et al. got inspired by micro-organisms 
that swim through a liquid by oscillating microscopic hairs, or cilia, that cover their 
surface, and invented an active micro-fluidic mixing system by actuating artificial 
cilia consisting of electro-statically actuated polymer structures [13]. Nevertheless, 
while static applications of such nature inspired micro- and nanostructures have 
progressed tremendously, dynamic applications such as actuating such designs still 
belong to an actively explored research area. 
In this chapter, we will look into ways to actuate PDMS micro- and 
nanostructures. Once succeeded, these actuated PDMS structures can be used in 
potential applications such as mixing microfluidics, directing water flow, and 
propulsion of miniaturized devices in different media. Possible actuation can be 
achieved via electrical, thermal or magnetic means. Considering the material in use 
is non-conducting PDMS, electrical actuation may bring challenges such as 
complexity in defining circuits. Secondly, it may also cause Joule heating, which is 
undesirable in certain bio fluids. Heating is a problem associated with thermal means 
as well. Besides, it takes time for the temperature to go up and then cool down, 
rendering thermal actuation a very slow and inefficient process. On the other hand, it 
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is easy to integrate magnetic materials into PDMS systems, and it is compatible with 
applications. In this chapter, we will only discuss actuation of PDMS micro- and 
nanostructures via magnetic means. 
In fact, actuation of PDMS nanostructures is not completely new.  Evans et al 
[14] has reported successful actuation of long PDMS wires. While their work is very 
inspiring, there is still room for improvement. Firstly, because their PDMS wires 
stood on the glass slide, the adhesion to the surface varies with each pillar. Secondly, 
the loading of magnetic nanoparticles in each pillar is not uniform. These two factors 
lead to the observation that deflections of their wires vary a lot in the same external 
magnetic field. Also, their structures can only be limited to long pillars. In some 
applications where fin actuation can be an advantage in terms of efficiency and 
controlled direction of movement, such as to propel water in certain direction, then it 
is hard to realize the system with only actuated pillars. Moreover, they require the 
magnet to be placed as near as 200 μm to the wires. This may pose challenges in 
future applications. Lastly, their structure design and setup are not good for a 
systematic study of how varying external field affects the actuation. To target these 
drawbacks, this chapter describes two designs, and also presents the challenges 
associated with each in detail. 
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6.2 Design I and Challenges 
6.2.1 Theoretical Design and Calculations  
Let us assume that we are going to actuate only pillar- and fin-like 
nanostructures made of linear elastic material with uniform cross-section. Once 
actuated and deflected, we can approximate these nanostructures as deflected beams. 
We assume them to be non-extensible and the strains remain small, then the 
Bernoulli–Euler hypothesis is valid, i.e. plane cross sections which are perpendicular 
to the neutral axis before deformation remain plane and perpendicular to the neutral 
axis after deformation. Next, we also assume that the plane sections do not change 
their shape or area. It is therefore possible to write the Bernoulli–Euler bending 
moment–curvature relationship for the equilibrium state as follows [15,16]: 
     ܧܫ ௗఏௗ௦ ൌ  ߬                (6.1) 
where E is Young’s Modulus, I is the second moment of inertia, τ is the external 
torque applied, and  ௗఏௗ௦  is the curvature at any point of the beam [15,17,18]. Lastly, 
we will neglect any deflection caused by the weight of the structure itself, i.e., 
assume a massless beam [15]. 
By a simple integration, we will arrive at the following expression, dictating the 
determinants for the final deflection angle: 
     ߠ଴ ൌ  ఛ௟ாூ                  (6.2) 




Figure 6.1 Schematic illustration showing parameters in beam deflection formula. 
 
 
From equation 6.2, we can see that, of all the parameters determining the final 
deflection angle, E is the only material-dependent parameter as l and I (which is 
related to the cross-section of the structure) are both characteristics of the structures. 
The Young’s Modulus, E, is a measure of stiffness of a certain material. Under same 
circumstances, a smaller E will give rise to a larger deflection angle. In other words, 
softer materials are easier to actuate. Table 6.1 summarizes the detailed information 
for some common materials.  
Table 6.1 Summary of Young’s Modulus for Some Common Materials [19] 
Materials      E 
Silicon (Si) 130 - 185 GPa 
Polystyrene (PS) 3 – 3.5 GPa 
polyethylene terephthalate (PET) 2 – 2.7 GPa 
Polyimide (PI) 2.5 GPa 
Epoxy 2.4 GPa 
Polydimethylsiloxane (PDMS) 360 – 870 KPa 
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From Table 6.1, it is quite evident that PDMS has a Young’s Modulus 
significantly smaller than the rest, justifying it to be the ideal material in this study.  
The most common technique used to create PDMS nanostructures is via casting 
(detailed in Chapter 3). This requires a master with either positive (two replication) 
or negative (one replication) features to be fabricated. Our group has reported 
successful fabrication of Si nanopillars and nanofins [20] defined by interference 
lithography (IL), which could be used as the master in question. Therefore, the 
spacing and diameter of the structure would be determined by the IL system. In order 
to prevent PDMS pairing effect common to the casting method (detailed in Chapter 
3), the maximum height was designed to be as much as the spacing. This required the 
diameter to spacing ratio to be as small as possible to produce a pillar with the 
largest possible aspect ratio. The way to do so has been demonstrated in Chapter 3 
by overexposing the photoresist during IL step. We could easily achieve photoresist 
dots with diameter 0.4 μm and spacing 1.6 μm (Figure 6.2 (a)). With the assumption 
that height of the pillar will equal to spacing, we can calculate the aspect ratio to be 4 
(Figure 6.2 (b)). Considering that large-aspect-ratio PDMS pillars may collapse due 
to its elastomeric nature [21], 4 was a reasonable number as it is only slightly larger 
than “3.3” which has reported by Sniadecki et al [22]. With similar reasoning, we 
designed the fins to have the same height and period as the pillar, that was 1.6 μm 
and 2.0 μm, respectively, and their long and short edges to be 0.8 μm and 0.4 μm, 
respectively (Figure 6.2 (c)). 
  






Figure 6.2 (a) IL defined photoresist dots with 0.4 μm diameter and 1.6 μm spacing.  
(b) and (c) are illustrations of pillars and fins of the designed dimensions. The scale 
bar in (a) is 3 μm. The units in (b) and (c) are both μm. 
 
Next, we made use of magnetic torque to deflect our nanopillars or fins. This is 
what magnetic objects experience in an externally applied field in order to align their 
magnetic moments with the field. The commonly seen phenomenon that magnetic 
needles can indicate directions of external field is one of the examples as how 
magnetic torque turns the object. It is calculated as 
    Ԧ߬ ൌ  ݉ ሬሬሬሬԦ  ൈ  ܤሬԦ    (6.3) 
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where ݉ ሬሬሬሬԦ is the magnetic moment of the object, and ܤሬԦ is the externally applied field. 
As PDMS is not a magnetic material, we would evaporate nickel (Ni) onto the 
structures. The evaporation would be done in a tilted fashion, shown in Figure 6.3 (a). 
Let us take the nanopillar sample as an example. The sample would be tilted 83o to 
the horizontal position, such that adjacent pillars would block some of the Ni vapour 
flux and only the top of the pillars could have deposited Ni. After some time, the 
resulting Ni would be in the shape of a semi-circular arc as shown Figure 6.3 (b). Its 
height and length can be calculated to be 
   ݄ே௜ ൌ  ܵ݌ܽܿ݅݊݃௣௜௟௟௔௥ כ cot 83௢ = 200 nm (6.4)  
   ݈ே௜ ൌ  ߨݎ ൌ 628 nm    (6.5) 
respectively. By controlling evaporation speed and time, we could control the 
thickness of Ni to be 150 nm. In this way, the Ni half-ring could be easily 
magnetized with magnetic moment along its easy axis, i.e., along the arc, due to 
shape restriction. Similarly, we could do tilt evaporation for fin samples, too. And 
the height, length and thickness of the Ni bar (illustrated in Figure 6.3 (b)) would be 
400 nm, 200 nm and 150 nm, respectively. We would do twice of the evaporation for 
fin samples to deposit Ni on each side of the fin, so that it would experience a larger 
and more balanced torque when actuated. Once this step was successfully completed, 
by turning on a vertical field, both the Ni half-ring and the Ni bars would try to align 
with the field, and bend the nanopillars and nanofins. Moreover, if we turned the 
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field on and off, or even applied a field with varying magnitude and alternating 





Figure 6.3 (a) illustration of tilt evaporation (b) illustration of evaporated Ni half-ring 
on the side of a nanopillar and Ni bars on the sides of a nanofin. The yellow arrow 
indicates the easy axis of the Ni bar, which will try to align with the vertically 
applied magnetic field and realize actuation. 
 
Before actuation, we would first magnetize the Ni half-ring and Ni bars in their 
easy axis. After magnetization, the magnetic moment for Ni can calculated as 
    ݉ ൌ ܯோ,ே௜  ൈ  ேܸ௜   (6.6) 
where ܯோ,ே௜  is the retentivity of Ni, and ேܸ௜  is its volume. The retentivity for Ni 
nanowires of similar size has been reported to be 4.8X105 A/m [23].  
At equilibrium as shown in Figure 6.4 (a), the angle between ݉ ሬሬሬሬԦ and ܤሬԦ would be 
complementary to the deflection angle, i.e, (90o – θ0). So the value of τ can be 
calculated as 
    ߬ ൌ ݉ܤ · ܿ݋ݏߠ଴    (6.7) 
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Note in the case of nanopillars, as its magnetic moment is along the arc, to apply 
equation 6.7, a meffective which is the moment projected along the diameter (Figure 
6.4 (b)) will used. Its value is therefore ଶగ times of m. In order to have a reasonable 
estimation of τ, we have measured the field at the edge of a ring magnet made of iron 
alloy to be 0.1 T. Also, a normal neodymium magnet could easily produce magnetic 




Figure 6.4 (a) Illustration of magnetic moment of Ni and externally applied magnetic 
field at equilibrium state, and (b) illustration of meffective for magnetic Ni half-ring in 
the case of nanopillars. 
 
Combining equations 6.2, 6.6 and 6.7, and substitute in all the parameters we 
have designed or found in the literature, we can then get the deflection angle at 
equilibrium. Bearing in mind that second moment of inertia for pillar and fin are 
calculated as 
     ܫ௣௜௟௟௔௥ ൌ  గସ · ݎସ   (6.8) 
     ܫ௙௜௡ ൌ  ଵଵଶ · ܾ · ܽଷ   (6.9) 
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respectively, where r is the radius of cross-section for pillar, b and a are the long and 
short edges of cross-section for fin. With a magnetic field of 0.5 T, the deflection 
angle is calculated to be about 81o for pillars, and 75o for fins. Even for a smaller 
magnetic field, 0.1 T, the deflection angles are still as large as 57o and 42o for pillars 
and fins, respectively. 
Moreover, a careful analysis of equations 6.2, 6.6, 6.7, 6.8 and 6.9 will reveal 
that in equation 6.2, the denominator and numerator are both proportional to the 4th 
order of unit of length. This means, the deflection angle would remain unchanged if 
we scaled all dimensions up or down with the same factor.  
 
6.2.2 Results and Discussions 
We approached the design by testing out the nanopillar case first. A Si sample 
of nanopillar arrays was fabricated by combining IL and catalytic etching as what 
had been reported in Ref [20]. The height, diameter and period of the pillars are 1.6 
μm, 0.44 μm and 2 μm, respectively (Figure 6.5 (a)). We first fabricated the negative 
replica of these nanopillars by casting PDMS with elastomer to curing agent ratio 
10:1 on to the Si master. After curing, we obtained PDMS nanohole array as shown 
in Figure 6.5 (b). Following that, uncured PDMS was casted onto the nanohole 
replica. Note that this time, the elastomer to curing agent ratio of PDMS is reduced 
to 5:1, so that after curing, the fine PDMS nanopillars can have a larger Young’s 
Modulus and remain upstanding (detailed in Chapter 3). Moreover, to get uncured 
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PDMS seep into deep and shallow nanoholes, the degassing condition needs to be 
very stringent. The degassing was done at 3x10-6 Torr for 12 hours. Eventually after 
curing and peeling off, the height, diameter and period of the PDMS nanopillars are 
1.0 μm, 0.34 μm and 2 μm, respectively (Figure 6.5 (c)), slightly thinner and shorter 








Figure 6.5 SEM images of (a) Si master used to produce PDMS pillars for actuation, 
(b) PDMS holes peeled from Si master, and (c) PDMS pillars peeled from PDMS 
holes. 
 
Shadow thermal evaporation was then done as designed, with the PDMS 
nanopillars sample tilted 83o to the horizontal position. In order to get the designed 
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thickness of 150 nm, the thermal evaporation process of Ni went on for 4 hours. The 
SEM image in Figure 6.6 (a) presents the final result. It is clear that there are Ni 
lumps concentrated at the side of the PDMS nanopillars. One can also notice that 
these pillars have all bent towards the Ni side. We suspected this to be a result of 
either too heavy Ni for the nanopillar to bear or too much heat accumulated at one 
side of pillar during the evaporation process. To verify this, we then did the same 
shadow evaporation to another sample, but only for 2 hours. As is shown in Figure 
6.6 (b), we can see the pillars are upstanding. 
After magnetization, we tried to observe actuation of these nanopillars under 
microscope using the ring magnet mentioned in section 6.2.1. We did not see much 
change when the magnet approached or left the sample. We also tried to shine a laser 
beam (λ = 325 nm) through the sample and observe the diffraction pattern, but the 
pattern also remained the same regardless of whether the magnet was close to the 
sample. Lastly, even during SEM session, the image showed no change whether we 
turned on or off the immersion mode which uses a large magnetic field. In order to 
rule out the possibility that these nanopillars were too stiff to bend, we poked them 
with a probe and observed their bending with SEM. The easily bent nanopillars 
indicated their softness. Moreover, as described in Chapter 3, if we tuned down the 
Young’s modulus (by changing the ratio of elastomer to curing agent of PDMS), we 
could only obtain collapsed nanopillars. Hence, the attempts where we observed no 
actuation were concluded to indicate lack of magnetic substance in the sample. We 
suspect that during evaporation, the tungsten boat melted in the process and 
combined with Ni to form Ni alloy that is non-magnetic. This hypothesis was 
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supported by a simple experiment. We evaporated a layer of 50 nm Ni on to a Si 
wafer and measured MOKE (Magneto-Optic Kerr Effect) signal of the sample, as 
shown in Figure 6.6 (c). We can see that the signal showed little hysteresis, 






Figure 6.6 SEM images of (a) bent PDMS nanopillars with Ni lumps at the top after 
4 hours of thermal evaporation and (b) PDMS nanopillars with Ni lumps after 2 
hours of thermal evaporation; (c) MOKE signal of evaporated Ni film on Si 
substrate. 
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We tried to solve the problem using sputtering while tilting sample 83o to 
horizontal position as well. However, as the directionality of incident Ni flux is much 
poorer as compared to evaporation, Ni covered everywhere of the pillars instead of 
concentrating just on the top. 
Therefore we have to explore other options for the actuation of our nanopillars. 
 
6.3 Design II and Challenges 
6.3.1 Theoretical Design and Calculations  
Besides the magnetic torque mentioned in Section 6.2.1 that is exerted on a 
magnetic material when its magnetic moment is off alignment with the external field, 
magnetic materials also experience force in non-uniform magnetic field. The force is 
calculated as  
    ܨ ൌ ݉ · ׏ܤ     (6.10) 
where m is magnetic moment of the material, ׏ܤ  is gradient of external field. 
Direction of the force points towards the denser part of the field.  So the designs in 
Section 6.2.1 can also be actuated if they are subject to a non-uniform field, such as 
the edge of a magnet. In this case, the actuation process can be approximated as 
beam deflection under a constant force F, and the beam deflection formula can be 
applied to calculate the deflection angle θ as 
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    ߠ ൌ  ி௟మଶாூ     (6.11) 
where l is height of the fins, E is Young’s Modulus of PDMS, and I is second 
moment of inertia which can be calculated using equations 6.8 and 6.9. Analysing 
this equation, we can see that F is proportional to the volume of nanoparticles, and I 
is proportional to the fourth order of dimensions. This means, unlike previous case, 
deflection angle due to this mechanism will scale with the same factor if we scale up 
all dimensions. 
In light of this, it’s best if we can fabricate nano- or microstructures with 
increasing size to study which mechanism dominates at different sizes. Moreover, as 
PDMS has shown reduced stiffness in nano structures as compared to mm-size 
structures (detailed in Chapter 3), it is also interesting to find out how structures of 
different sizes respond to oscillating field, such as what is the maximum frequency 
they can follow or after how many cycles they will break. 
Optical lithography was more useful for this purpose. We designed a series of 
mask consisting of round dot and rectangular shapes, for the cross-section of pillars 
and fins to be made, respectively. The diameters of dots ranged from 2 μm to 50 μm. 
The areas of rectangles ranged from 2 μm x 4 μm to 50 μm x100 μm. Each dot or 
rectangle was sufficiently far away from its adjacent one, to prevent possible pairing 
of PDMS. For convenience sake, we will only discuss fins in later discussions. 
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We spincoated SU8 on Si wafer and then patterned the SU8 layer into anti-fin 
array to be the casting master (illustrated in Figure 6.7 (a)). To add magnetic material 
onto the PDMS microfins, we used Fe3O4 magnetic nanoparticles instead. 
There were two possible ways to gather nanoparticles in the rod shape as shown 
in Figure 6.7 (b). The first was to mix nanoparticles in water. After dropping such a 
droplet on the SU8 master, we could place a magnet under the master and move it 
along the direction as indicated in Figure 6.7 (a). Theoretically in this way, the 
nanoparticles should all gather to the right side of the anti-fin holes. When PDMS 
was cast onto the master later, it could reach to the bottom and pick up these 
nanoparticles, and then have a nanoparticle-rod embedded in it after curing and 
peeling off. 
Or we could mix the nanoparticles in PDMS before curing. After casting the 
mixture onto SU8 master and degassing for some time, some of the mixture started 
to enter the SU8 holes. Then we could place a magnet under the master and move it 
along the same specified direction. So the nanoparticles would travel inside the 
PDMS and concentrate to desired place in the PDMS fin shown in Figure 6.7 (b).  
 







Figure 6.7 (a) Illustration of SU8 anti-fin array on Si wafer. The red arrow indicates 
the direction in which a magnet needs to move to attract nanoparticles to the right 
side of the holes. (b) The ideal placement of Fe3O4 nanoparticles in a PDMS 
microfin.  
 
6.3.2 Results and Discussions  
We bought a few neodymium iron boride (NIB) disc magnets (Grade N50) with 
a diameter of 20 mm and a thickness of 4.8 mm each. When two of the magnets 
faced each other with the opposite poles leaving a gap of 6 mm in between, the field 
in the gap measured to be 0.3 T, which was quite close to the simulation result, 0.35 
T,  given by Vizimag software (Figure 6.8 (a)). From simulation, we can also see that 
the field in the gap can be approximated as uniform. To generate the non-uniform 
field with a large ׏ܤ, we added a soft iron cone on top of a few NIB magnets such 
that the field at the tip of the cone would change sharply and give very large field 
gradient. We simulated the case of adding a soft iron cone (diameter of 20 mm, 
height of 17.3 mm and relative permeability of 4000) to three of our NIB magnets 
(Figure 6.8 (b)), and obtained magnetic field and field gradients to be 0.3 T and 245 
T/m, respectively, at 500 µm away from the cone tip.  









Figure 6.8 Vizimag simulation results of (a) placing two NIB magnets face to face of 
6 mm apart to generate uniform field in between, and (b) adding a soft iron cone to 
the top of three NIB magnets to generate large field gradient. (c) An electromagnet 
made by cutting a gap on a toroidal core and wired 700 turns of enamelled wire on it. 
 
We also made an electromagnet by cutting a gap of 1 cm wide on a toroidal core 
(Micrometals T300-40) and wired 700 turns of enamelled wire on it (Figure 6.8 (c)). 
The core had an outer diameter of 77.2 mm, an inner diameter of 49.0 mm and a 
height of 12.7 mm. When supplied current, the field inside the gap can be 
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approximated as a uniform field, and its strength showed good proportionality to the 
current, with 2 A current producing 0.1 T field. These magnet configurations can be 
useful in later studies where large field, large field gradient and oscillating field are 
required. 
To fabricate the SU8 anti-fin master, we started with the medium fin size, 10 
µm x 20 µm x 50 µm, with 50 µm being the height of the fin, i.e, the depth of the 
SU8 holes. The SU8 in use was SU8 2050. Before spinning coating it on Si substrate, 
an anti-reflection layer (XHRiC-16) was coated first. It was spun onto the Si 
substrate at 500 rpm for 5 s, and then 3500 rpm for 30 s, followed by baking at 230 
oC for 80 s. After that Omnicoat (MicroChem USA) was coated as a protective layer 
to prevent the SU-8 and anti-reflective layer from mixing. It was coated at 500 rpm 
for 5 s and 3000 rpm for 30 s, followed by baking at 200 oC for 60 s. SU8 2050 was 
then spun at 3000 rpm for 1 min, resulting in a thickness of around 50 μm. After pre-
exposure bake at 65ºC for 3 min and 95 ºC for 6 min, the sample was exposed using 
a 3 W 365 nm UV source for 30 s. Post exposure bake was then done at 65ºC for 1 
min and 95 ºC for 5 min. Following that, the wafer was immersed in developer and 
subject to agitation using an ultra-sonicator for 6 min. Agitation was used to fully 
dissolve away unexposed SU8 in large aspect ratio holes. The sample was finally 
rinsed in IPA for 2 min and blown dry using a nitrogen gun. Figure 6.9 (a) shows an 
SEM image of such fabricated SU8 anti-fin master. 
The sample was then subject to O2 plasma treatment (50 W, 0.4 Torr) for 2 min 
to render the SU8 surface from hydrophobic to hydrophilic, such that water droplet 
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containing magnetic nanoparticles could stay on the surface while we used a magnet 
to gather the nanoparticles to the desired edge in the holes. Meanwhile, we used the 
ultra-sonicator to disperse 4 g Fe3O4 nanoparticles (Nanostructured & Amorphous 
Materials, Inc., 99.5%, 15-20 nm) in 40 mL water for an hour. After dispersion, we 
can see most of the nanoparticles remain as sediments at the bottom of the bottle 
(Figure 6.9 (b)). 10 μL was drawn from the aqueous dispersion above the sediments 
and dropped on the surface of the SU8 master. After guiding the nanoparticles with 
magnet in the way described in Section 6.3.1 for 20 min, the sample was baked dry 
and PDMS mixture was poured on it. Degassing of PDMS was done in 4x10-6 Torr 
vacuum for 3 hours. Then PDMS was cured and peeled off the master.  
From the SEM image of the PDMS microfins (Figure 6.9 (c)), we can see that 
the height of these fins are no more than 20 μm, much less than the depth of the SU8 
holes. This happened because during degassing, there was always air trapped inside 
the SU8 holes, preventing PDMS to fill the holes completely. Therefore, PDMS did 
not have a chance to reach the bottom of the holes and pick up the nanoparticles 
gathered in there. We also used SEM to examine the holes after peeling off PDMS 
(Figure 6.9 (d)). Not surprisingly, nanoparticles remain at the bottom of the holes. 
We also noticed that under the guidance of the magnet, they did gather to one side of 
the holes, but they are more of spreading on half of the bottom surface rather than 
gathering along the short edge in a rod shape as desired. 
 







Figure 6.9 (a) SEM image of fabricated SU8 anti-fin master with SU8 depth of 50 
μm. (b) Four gram of Fe3O4 nanoparticles dispersed in 40 mL water after ultra-
sonication for an hour. (c) SEM image of PDMS microfins peeled off the anti-fin 
master shown in (a). (d) SEM image showing nanoparticles still accumulates on the 
right side of an SU8 hole after peeling off PDMS.  
 
Due to these problems, we changed to mix the nanoparticles in PDMS instead. 
With prior experience, SU8 was spun at 1750 rpm to make deeper anti-fin holes. The 
resulting thickness of SU8 was about 70 μm. 10 mg of Fe3O4 nanoparticles was 
added to 13 mL of PDMS elastomer and was dispersed in ultra-sonicator for an hour 
(Figure 6.10 (a)). Curing agent was then added, and the elastomer to curing agent 
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ratio was 7:1 by weight. Note that curing agent must be added after sonication as the 
heat generated during sonication would otherwise cure the PDMS mixture. After 
mixing elastomer with curing agent using a spoon, the mixture was cast on the SU8 
sample, and a magnet was used to guide the nanoparticles in the way described in 
Section 6.3.1. SEM image of such fabricated PDMS microfins is shown in Figure 
6.10 (b). The tallest fins reached about 45 μm in height. But nanoparticles seem to 
gather just at the top without forming a rod at the short edge of the fin as designed. 
(a) (b) 
Figure 6.10 (a) 10 mg Fe3O4 nanoparticles dispersed in 13 mL elastomer after ultra-
sonication for an hour. (b) SEM image of PDMS microfins with nanoparticles 
concentrated at the top. 
 
In this case, it is hard to magnetize the magnetic material along the direction in 
which the fins would bend most easily. As a result, actuation by applying a uniform 
field to exert a torque on the fin is hard to achieve. We can only try to see if the top 
of these microfins can be attracted to a denser field when the field gradient is large 
enough. No actuation was observed under a microscope using the magnets with a 
soft iron cone as designed. A calculation using equations 6.10 and 6.11 will show 
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that this is not surprising. Let us assume the volume of the nanoparticles in each fin 
is (10 μm x 10 μm x 10 μm), which is an overestimation as the nanoparticles are only 
loosely gathered at the top. Take the retentivity of Fe3O4 nanoparticles to be 16.4 
emu/g [24], with the true density of the nanoparticles being about 5 g/cm3, the 
retentivity can be converted to about 8.2x104 A/m. With field gradient as large as 
245 T/m, the deflection angle is only calculated to be 2o.  
As mentioned in Section 6.3.1, deflection angle with this mechanism is 
proportional to dimensions. That is, if we can make microfin that measures 200 μm x 
400 μm x 900 μm while keeping nanoparticle percentage in PDMS the same, 
theoretically, we can achieve actuation with deflection angle of 40o. But this is only 
an ideal case, as with fins of such a large size, field gradient can no longer be treated 
as a constant. It decays dramatically as distance increases from tip of the cone. 
 
6.4 Conclusion 
This chapter presents  two mechanisms to actuate nano- and micro- pillars and 
fins. The first makes use of the torque exerted on magnetic objects in a uniform field 
that is off alignment with their easy axis. The second makes use of the force exerted 
on magnetic material in a non-uniform field that draws it towards the stronger field. 
With realistic lab setups, calculations showed that the first mechanism will be more 
effective in nanometer scale whereas the second could have potential applications 
when the size is relatively big. Though experimentally no actuation has yet been 
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observed, with future effort and improved design, the idea of having magnetic bars 
attached to the sides of the fins may still be realized and actuation be achieved. And 
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Chapter 7 Conclusions 
7.1 Summary 
This thesis reported results of attempts to use several fabrication methods to 
produce micro- and nanostructures on polymers. It examined the technical merits of 
these methods and explored potential applications for these micro- and 
nanostructures. 
 Firstly, this study focused on fabricating polyimide (PI) nanogrooves with the 
mold casting method. We created the Si master by combining the interference 
lithography (IL) technique with catalytic etching (CE). A PDMS negative mold was 
then obtained by casting PDMS on to the Si master. And the PI film with 
nanogrooves was obtained by casting and curing PI on the PDMS mold. This method 
enabled us to produce large quantities of PI nanogroove samples at relatively low 
cost within a short time. These nanogrooves can cover large surface area with good 
uniformity. 
We have studied the effect of using both the Si and PI nanogrooves to direct 
neurite growth. Neuro2A cells were seeded on both Si and PI substrates. We found 
that on both type of substrates, neurites orientated in parallel directions on 
nanogrooved surfaces. Such directed growth of neurites was absent on flat Si or PI 
substrates. Our findings agree well with what was reported in the literature and 
indicate that neuronal cells can sense topological cues at the molecular level. During 
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the experiments, transparent PI substrates allowed direct real-time observation of cell 
growth using just a normal microscope, whereas for Si substrate, the cells needed to 
be dyed first and observed under a florescent microscope. Bearing in mind that it was 
easier and more cost effective to fabricate PI substrates, we suggested that the future 
experiments on how neuronal cells respond to topological cues should be done on PI 
substrates rather than Si substrates. 
 Secondly, we developed a technique to fabricate nanostructures on 
polyethylene terephthalate (PET) surfaces by using IL and plasma etching. IL makes 
it easy to define various patterns with different dimensions and shapes, while plasma 
etching transfers these patterns to the PET substrates. With nanogrooves as an 
example, we studied the etching effect of different plasma power and chamber 
pressure. We found that for O2 plasma, the etching rate increased with both power 
and pressure; whereas for Ar plasma, the etching rate increased with power and 
decrease with pressure. The reason was attributed to different etching mechanisms in 
that the O2 plasma etching was a chemical reaction process and the Ar plasma 
etching was purely physical. By modifying the IL system, we fabricated nanogrooves 
with gradually changing periods. We also managed to improve the etching 
anisotropy by switching from a PECVD machine to a sputtering system where a 
much higher vertical voltage was applied to direct bombarding Ar ions. In this way, 
we have successfully fabricated PET nanopillars and nanofins. By adding an extra 
lift-off step, this process further extended to fabricate PET nanoholes. 
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The PET nanogrooves were again used in the neurite growth experiments of 
Neuro2A cells. Similar conclusions were obtained from the PET substrates as on PI 
and Si substrates. Since PET nanogrooved substrates were also transparent and easy 
and fast to make, they can be a good alternative as platform for biological study. 
Furthermore, we also took advantage of the flexibility of PET and used such 
substrate as flexible nanoimprint masters to fabricate nanostructures on curved 
polystyrene (PS) surfaces. Two outstanding PET nanostructures for this application 
were low-aspect-ratio nanogrooves and nanoholes. Moreover, by controlling the 
imprinting condition, we fabricated nanobump and nanoring arrays on curved PS 
surfaces. 
Lastly, we tried to integrate magnetic materials into PDMS micro- and 
nanostructures (pillars and fins) for actuation applications. The PDMS micro- and 
nanostructures were fabricated via molding casting method using either Si 
nanostructures or SU8 microstructures as the master. We first added Ni to the tip of 
these nanostructures and approximated such structures as deflected beams once 
actuated. When applying a vertical field, the magnetization of the Ni bar would try to 
align with the external field, and thus deflect the beam. This method failed because 
magnetic properties of Ni were lost during evaporation due to inevitable 
contamination. The second approach was based on the fact that nanoparticles are 
attracted towards a larger magnetic field. Such force was utilized to actuate the 
PDMS micro- and nanostructures. We added Fe3O4 nanoparticles into PDMS and 
concentrated them to the top of the PDMS microfins. But this was proved to be 
inadequate. The experimental design required the nanoparticles concentrated only at 
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one side of the microfins. As this was difficult to realize, these microfins were only 
actuated by the second mechanism, which barely worked at micron scale due to the 
size scaling effect. On the other hand, for large structures with near millimeter 
dimensions, it was almost impossible to generate large enough field gradient over 
such big length scale. Therefore, the second attempt did not work out as expected 
either. 
To sum up, we demonstrated two different methods to create nanostructures on 
PI and PET substrates over a large area. Both of the methods are cheap and easy, and 
offer high throughput. The PI and PET nanogrooved samples were both used as 
better platforms for biological studies as compared to the Si counterpart, as they 
were truly disposable and allow real time observation with just a normal microscope. 
In this way, lots of time, money and energy was saved, and the cell study was 
completed years earlier than it would take using Si substrates. Moreover, we looked 
into details of PET etching mechanisms and created variations of the method to 
fabricate more interesting patterns on PET substrates. The flexible property of the 
PET nanostructured substrates was also explored innovatively to achieve patterning 
on curvy polymer surfaces. Finally we presented some ideas of actuating PDMS 
micro- and nanostructures via magnetic means. 
 
  




Polymer-based nanostructures have many unique properties such as flexible, 
transparent to light and bio-compatible that offer many fascinating and potentially 
useful applications. For future work in the fabrication and applications of these 
structures, we would like to recommend the following: 
Electric fields (EF) have been shown to direct and enhance nerve growth both in 
vitro [1] and in vivo [2]. A Phase I clinical trial using DC EF to repair human spinal 
cord injuries was completed recently with promising results [3]. Whether a 
combination of EF, topological features and other nerve guidance cues would 
synergistically enhance and direct nerve regeneration has yet to be investigated. Our 
polymer-based nanostructured substrates provide an attractive platform for such 
studies. More effort needs to be devoted to incorporating electrical circuits into these 
non-conducting substrates. With such, we may aim to construct a junction between 
neurons and electronic chips, i.e., a brain machine interface (BMI) [4,5], which can 
compensate for both sensory and motor deficits in the nervous systems such as vision, 
hearing and motor impairments as well as impaired autonomic functions. 
Nanostructures on curved substrates will play an important role in areas 
requiring micro- and nanofabrication in three dimensions, such as lenses and optical 
fibers, microelectronic devices shaped to reduce the length of interconnects and 
devices that conform to space limitations. The method presented in this study offers 
an easy and simple process to pattern curved surfaces, but more work needs to be 
done to improve the aspect ratio of these nanostructures. We also need to explore 
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more other materials that are suitable for this process to broaden its potential 
applications. This work might eventually fill the gap in current micro- and 
nanofabrication technologies that mostly allow patterning on planar substrates only. 
For the actuation experiments, even though they failed with our current 
experimental settings, the theory behind it was well-established and thoroughly 
developed. Once the technical problems such as contamination of Ni are solved, one 
should be able to examine the performance of the PDMS micro/nano actuators. More 
specifically, we should examine the robustness and responsiveness of these 
structures in terms of: (1)  the durability of the PDMS micro- and nanostructures 
with repeated cycling, (2) the maximum field strength for deflection before breakage 
of structures, (3) the maximum frequency of the operating magnetic field, and (4) the 
influence of media properties (e.g. viscosity) on the effectiveness of actuation. The 
PDMS actuators can have potential applications in microfluidic systems. For 
example, the microfins may be effective in directing water flow and be used as 
micro-propellers on micron sized devices. 
Lastly, fabrication methods developed in this study may also be useful in 
potential applications such as patterned media [6,7]. The nanostructured polymer 
substrates offer a good template for the ordered array of magnetic cells in patterned 
media. Moreover, the flexibility of these substrates can be an added-on advantage in 
fabrication of flexible devices. 
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